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Radio communication, within recent decades, has become a 
popular way of conveying the intelligence between places that may 
be separated by thousands of miles. The ‘wireless’ type of electrical 
communication utilising the radio wave transmission is called radio 
communication. The radio waves are the electromagnetic waves 
produced due to the 

^ape of electrical 

energy into the free 
space. They travel 
with the velocity of 
light and consist of 
electric and magnetic 
fields at right angles 
to each other. These 
fields are perpendicu- 
lar to the direction of 
havel of the wave. 

Therefor# radio com- 
munication can be de- 
fined as the inter- 
change of symbols, 
signals, intelligence 
between two or more 
Points, employing 

e iectromagnetic waves 

a f the medium of 
tr onsmission. 

» JHE SPECTRUM 

OF electromag- 
netic WAVES : 

. The electromag- 
netic waves cover a 
wide range of frequ- 
ncijs or waveleng- 

r 5 ; They are classified 
as follows : 

a few^ / ^ at ^ l ° f re( P* enc y waves : They have frequency range from 
c/s U P*° 10 9 c/s and are generated by electronic devices. 


I 

•a 

I 



Fig. 1. Spectrum of electromagnetic radiation. 
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mainly osGiU^iog circuits. The waves are used in television amt 

spe^um us d e C d a fn 

separatdy communication is depicted in the table 

3 x l2 r /fl'!r aVM : The , ? eqUency range is from 10 9 c/s to 

and magnetron ar ^ nerated by electronic devices such as klystron 
ana magnetron. These waves are used in radar and masers Thev 

stmcture USe “ t0 the finer detai,s of atomic and molecular 

c/s unto Spec ! rum : Tbe f^queney range is from 3 x 10“ 

These w^ves find v produced b y molecules and hot bodies, 
medicine etc. applications in industry, astronomy, 

4 x 10“ olf unL°Z v fmf T CU T ' The frec l uenc y range is from 
noSntt • U t T] aal ad J ustm ent in the motion of their com- 

r as "r tech P noS: * “““ ° f ‘ he elKtr0ns This is » 

to about v/Tnu /<?f t rays ': frequency range is from 8x 10” c/s 

with pin 0 dl . scharges - ■ These ul *ra violet radiation of sun interact 

^abouTinnn 1 ^ f ° r f matlon °f ionosphere that extends from 50 Km ’ 
used in some medical applications. y S0 

5x1 rp» pifrs? : The frequency range is from 3 x 10“ c/s upto 

diagnosfs. m at ° mS - They ^ f ° Und quite Mpfai in'nSdSS 

(7) Gamma rays : The frequency range is from 3v io« 
upto more that SxlO 22 c/s and are of nuclear ™ c/s 

produced by many radioactive substances The waves having Zn 
higher frequencies ace cosmic rays and are ofsoS .1 7nt'A SUl1 
astronomical research. ^ a in * ere st in 

ranges? NIC devices at HIGH 1 REQUENCY J 

Wh °le of the study of electronics . divided according tr. tu 

i.e. the choice of electronic S f Z L Var t ‘° US P^ticular uses 
transmission and reception denenHQ l generation, amplification, 

electromagnetic waves IHptrS *' * “ P °" ' he ■ 

Consequently, , h e c'n SL* j 
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father than as a lumped element with constant inductance. Further, 
at high frequencies, losses are increased to an appreciable propor- 
tion due to skin effect, proximity effects and radiation of energy. 
* Condensers also meet the same fate because of distributed induc- 
tance that arises due to linkage of magnetic flux. 

At high frequencies, conventional tubes do not operate favour- 
ably and efficiently. In case of amplifier gain decreases ; input 
impedance and the maximum impedance that can be realised in the 
plate circuit also decreases. When valves operate as oscillators, 
even output decreases : they become less efficient and output 
obtained is limited by both plate dissipation and grid dissipation 
I at ultra high frequencies. The circuit reactance limitations, circuit 
and tube loss limitations and electron transit time limitations are 
responsible for above effects in conventional tubes. 

For transmission purposes, parallel wire lines are used at 
frequencies of the order of 100 mc/s. Above 200 mc/s power loss 
due to radiation and induction becomes excessive. Coaxial lines 
are best suited above 200 mc/s upto 3000 mc/s because their 
attenuation even at very high frequencies is very low. In micro- 
wave region waveguides are most suited. Their peak power 
capacity is greater than of coaxial lines. 

For radiation purposes, at radio frequency range short vertical 
grounded or remote from ground aerials are used. Upto 1000 me s 
arrays of antennas are commonly employed. Reflectors and lenses 
are most common above 1000 mc/s. although parabolic reflectors 
are fairly common down to atleast 1000 mc/s. Lenses are basically 
microwave devices not ordinarily used below about 3000 mc/s. 
Above 10,000 mc/s lenses are most commonly used. 

For propagation purposes, at high frequencies upto 30 mc/s 
sky waves are used for long distance communication. At such 
frequencies ground wave attenuation is very large and therefore 
ground wave propagation is limited to very short range. At 
. 300 mc/s ground waves because of their high attenuation and sky 

1 waves because of their failure to be reflected almost fail to pro- 
pagate the signals. Space wave or line of sight propagation is 
practically the only mode of propagation in this frequency range. 
Due to refraction in earth’s atmosphere propagation beyond the 
line of sight is possible. Above 300 mc/s only space wave propaga- 
tion is possible. 

12. NEED OF HIGH FREQUENCIES : 

For radio communication, a wide range of frequencies is 
required in order to impart appreciable amount of intelligence to 
^ the electrical system in the communication process. 

For better reception of energy flux at the receiving area, the 
radiation efficiency of the conductor should be sufficiently high A 
conductor will radiate sufficient amount of energy, if its dimension 
ls comparable to wavelength of energy wave. The size of the 
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ZtT ,S inversel y proportional to the wave frequency High 

?' aves can therefore, be radiated by a small radiator 

effective'radladom y WaV6S reQUire * ,arge antenna s y stem for 

bette^sionff re , aS ? n for high frequency transmission is to have 

MnSV tK t e P i r l ent ^ e With which the components carrying ?ntelli- 
r^lTs^U° V rl nd ^ th \ mean fre< ? uenc y of the wave is 

viE narrow S / ( ! eCtlVlty ’ therefore, increases because indi- 

fer b3Sis ° f ' ***** band occupied by" ltS S !££! 

13. MODULATION METHODS : 

frequIncieVw^ T th °? S USed transmit the intelligence at radio 
with X "C^rtstic °f the wave is varied inaccordance 

of the ca nie S ‘2? t0 - be f ransmitted - The proper combination 
convev the in the Slgnal waves > such that the carrier is able to 

“modulated” carriSwaw. 011 ^ ^ transmission s y $tem is called a 

One way of modulation is 
termed as amplitude modulation. 
m this process the amplitude of 

n, tu Ca u f t er * s Var ^ ed inaccordance 
with the amplitude and frequency 
ot the modulating signal. Frequ- 
ency of carrier remains constant. 

me amplitude modulated wave 

m figure 2 ( c )- The 
resultant wave consists of two 

r, e baads appearing above and 

oeiow the carrier frequency. Each 

' mese side bands consists com- 
i Piete information. The side band 
equencies can be considered as 
ing generated as a result of 

turtp ln8 j be wave - The magni- 
mhieHK 1 ! requency are deter- 

latlon ^ thC c h aracter °f modu- 
li t^ A i nother wa y of modulation 

carri 3 r the frequency of the 

p Pn „ ICr for the purpose of intelli- 

f r e transmission, terraed as 
quency modulation. In this way 



TIME 

S SIGNAL WA!/£ 

U>) 



7YM& 


AMPLITUDE At 

CO 



E fj'JL PC V ArfOGULATzD kVAW 

id) 


~ jlii tuio yv ay y * \ w/ 

» for th e currier is Fig. 2. Amplitude and frequency 
freonp. nt ’ a y constant and the modulated waves along with carrier 

4 encv ls varied above and ‘ ' 


wave and modulating signa 
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below its original value inaccordance with the vibration of the 
signal. A frequency modulated wave is shown in fig. 2 (d). The 
number of times per second that the carrier wave goes through 
complete cycle of frequency variation is equal to the frequency of 
modulating signal and the range of frequency deviation is propor- 
tional to the amplitude of the modulating signal and is independent 
of signal frequency. For example, if we consider that a 100 mega 
cycle carrier being modulated by a sinusoidal signal and if there 
is 2 k.c. frequency shift per volt of signal amplitude, then for a 
modulating signal having an amplitude of 25 volts and a frequency 
of 1 k.c., the instantaneous frequency of the modulated wave will 
vary between 99*95 megacycles and 100 05 mega-cycles at rate of 
1000 times per second. 

1 4. RECEPTION OF RADIO SIGNALS : 

The first step in the reception of radio signals is to abstract 
energy from the radio wave passing the receiving point. When 
antenna conductor cuts the electromagnetic flux of the wave, a 
voltage is induced This induced voltage develops a current in the 
conductor having its time variations exactly same as radiating 
antenna. 


The second step is to select the wanted signal and discriminate 
the signal of other Frequencies. The ability is called selectivity and 
is achieved by tuning of resonant circuit used in the receiving 
system. Since energy may be received after travelling thousands of 
miles, it is preferrable to amplify the received energy for satisfac- 
tory reception. 

The third step is to recover the original modulating signal 
from the modulated wave. The process is called detection. In the 
case of amplitude modulation, a simple rectification of modulated 
wave serves the purpose. For detection ot f. m. wave, it is first 
transmitted through a circuit in which the relative response de- 
pends upon frequency. The wave thus emerging from this circuit 
is amplitude modulated which is then rectified. 

15. GENERAL PICTURE OF RADIO TRANSMISSION AND 
RECEPTION : 

Figure 3 gives a clear picture of the steps involved at the 
transmitting and receiving stages. The next chapters of the book 
deal with details of each of these steps. 

The first step at the transmitter is to convert audible sound 
waves into electrical impulses by microphone. The impulses are 
then amplified by audio amplifier. For the transmission of these 
impulses, modulation is performed. The carrier wave 550 k.c. is 
generated by r.f. oscillator. The output modulator is applied to 
a transmitting antenna. The modulated carrier wave is thus sent 
out into space by the antenna. 



FIs. 3. Illustration of various steps in transmitting and receiving stages . 
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RESONANT CIRCUITS 


In radio system several electrical circuits are used to perform 
various functions. The property of the system depends upon the 
operational characteristics of these electrical circuits. In this section 
we shall discuss the selective circuits. 

2‘1. SELECTIVE CIRCUITS : 

To achieve desired selectivity, resonant ciicuits are employed. 
The operational characteristics of these circuits depend upon 
whether the inductance and capacitance are in series or in parallel. 
We, therefore, classify the resonant circuits into the following 

categories : 

(i) Series resonant circuit. 

(//) Parallel resonant circuit. 

22. SERIES RESONANT CIRCUIT : 

A series circuit containing LCR is shown in fig 1. When the 
resultant reactance is zero, the circuit is said to be in resonance. 
The voltage drop across the inductance leads the current by 90°, 
whereas across condenser lags the current by 90°. If the two drops 
are made equal, as shown in fig. 2, then the total impedance of the 



Fig. 1. Series LCR circuit. Fig. 2. Vector diagram of series 

circuit in resonance. 

circuit will be only resistive and the impressed voltage is equal to 
resistive drop. This condition is called series resonance. Thus for 
resonance. 

I.Xu^bX G or X L =X C . 


i 
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where X L and X c are the reactances of inductance L and capaci- 
tance C. Also y 


2tt f. L 


1 


f 


1 




2rfC •• ' 2 ny/(LC) J '“ ...(1) 

f 0 is resonant frequency in c/s., where L is in henrys, and C in 
farad. 

From above relation, it is obvious that the resonance can be 
obtained oy varying either of L, C and /in the series circuit. 

Current / in series LCR circuit can be written as : 

V V 


I 


z 


V{R*+{Xl- x c fy 

The voltage drop across three components will be : 
drop across resistance 

VR 


••( 2 ) 


V R =I R = 


.-Xc)*} 


VXi 


drop across inductance 

Vl=I Xl-- V{R * +( x l -Xc) 2 } 
drop across capacitance 

r/__ t v VXc 

c c Vi^+iXi-XcY} 

Resonance carves : At, resonance the 


...(3) 


...(4) 


and current /, 


In figure 3, the 


°~R ■ 

shape of current curve before, at, and 
after resonance is shown. It is obvi- 
ous from relation for /„ that if at 
resonance resistance is doubled, cur- 
rent will be half the previous value. 
We see that with small resistance, 
current peak is sharper than the cur- 
rent peak when resistance is large. 

Therefore, small resistance is said to 
give sharp tuning whereas large resis- 


...(5) 

power factor is unity, 



Fig. 3. Graph representing 

variation of current 
with frequency. 


tance gives broad tuning . 

Now we shall consider various ways of securing resonance 

(a) Varying inductance : When L is varied to 
nance, a series is obtained as shown in fig. 4 ^ ° produce r eso- 

Figure shows that V c is maximum at resonance «,vi „ 
drop across inductance, rises to its maximum vjlue afte?' 6 Vl ' the 
This behaviour is inaccordance with our resonance ' 

K c =/Ac, Xc is constant, therefore V c will be Sim u m^hen 


Resonant Circuits 


li 


/fa maximum, i.t., at resonance. 
In the case of Vl—IX l both I and 
Xl are increasing before resonance, 
therefore Vl is increasing. At reso- 
nance, I is not changing, but Xl is 
increasing ; hence drop is increas- 
ing. The drop continues to increase 
until the reduction in current affects 
the increase in L, that is Xt ■ This 
point can be obtained by differenti- 
ating Vl with respect to Xl and 
equating it to zero, 



, dV t d f VX L 1 a 

* ‘ dX L ~dX t [{^+{XL-Xc)-fi*\ 

__ [R 1 + ( X L -X C ) 2 Y 12 V—VXfh 

K^Xl-XcY 


[R 2 +{Xl-X c ) 2 Y 12 V 


Fig. 4. Series resonance 

curve! by varying L. 

— Ac) 2 ] -1/2 .2 ( Xl-Xc ) 



or 

therefore 

(b) Varying 


Az 


capacitance. 


R 2 + X c 2 

* 

_j_ \ R2 + Xc " ' - 

“2r/L Xc [ 
nee. When C 


— C (R 2 ±Xc 2 ) 


...( 6 ) 


is varied to produce 


resonance, curves as shown in fig. 5, 
are obtained. 

In this case Vl will be maximum 
at resonance, since Xt is constant. 
Vc attains maximum value before 
resonance because at resonance, Xc 
is decreasing whereas ihe current is 
not changing. Theretore drop /• Xc 
must be decreasing ; consequently, 
the drop must have been maximum 
before resonance. At resonance the 
drops across L and C are equal and 
opposite. The condition for maxi- 
mum Vc can be determined by differ- 
entiating equation (5) with respect to 
Xc and then equating it to zero : 

dVc d [ VX C 1 

dX c dX c [[/?‘ 2 +(2ft-A'c) 2 ]’' 2 J 

-0 



Fig. 5. Series resonance curves 
by varying capac : tance. 
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{W+jXL ^Xc)*] 1 !*. V+VXc.h [^MXl-XcY^.KXl-Xc^ 

Q W+Wl-Xc)* 


or 


or 


X C 

C 


R*+X l 2 




1 


r (**+« 


c 


L 


T , • , (R 2 +X L >) ... (7 ) 

1 he impressed voltage equals IR drop, the power factor is 
unity and the current is maximum at the resonance. For zero capacita- 
nce, the capacitive reactance is infinite and the current is, therefore, 

zero. The power factor varies from ^ - ^* - when C is infinite, 
to zero when C is zero. 

ro J l " Ce U i$ quit , e , easy to mry capacitance gradually and smoothlv 
resonance is usually obtained by varying capacitance C. ’ 

(c) Varying frequency : When 
frequency is varied then the resonance 
curves obtained are shown in fig. 6. 

This case includes both the above 
cases of varying inductance and capaci- 
tance. Neither Vc nor Vl is maximum 
at resonance. The current is zero for 

both zero frequency and infinite frequ- 
ency. n 

It will be observed that for all 
methods of producing resonance : 

(/) The current is maximum and 
dependent only upon the impressed 
voltage and the resistance of the circuit, 

(u) the power factor is unity, 

(m) the power is maximum and 

equal to the voltampere ( VI) at the 
point of resonance. e 

22. SERIES riPririT .c . 



p ig. 6. Series resonance by 
varying frequency. 

SELECTOR 


- The passage of frequency through * ? 

St t° fmpedaBce offered To by Kg™' de P e “ds upon the 

Bum other frequencies 3 


frequency more 
selective nature. 


selective nature. The baTT o Z quen^^' ™s shows* ts 

curren, is e qual l0 or great „ JjS 

V2R as shown in figure 7. 



Resonant Circuits 


13 


The relation for current is 


/ 


V 


\/{R*+(u>L-llwC)*} 


If up be the angular fre- 
quency corresponding to 

V 


*1 


V2 .R 


then 

V 

V2R 


I 



<opL 


or y/2 R 



R 2 ( cupL- 

\ ojp 


in 



or 



R 2 or w P L 


1 


or 


% .R 1 

±l Ur ~rc 


COpC 
= 0 . 


Ci) 7 Ub LOz 

4A/GVLAJ? F/?£Qt/E/ZCV 

Fig. 7. Series RLC circuit as a 
band selector. 

+ R 


When solved for c op above equation yields 

±R/L + \/(R 2 lL 2 +41 LC) 


C Op 


C Op 



2 

4L a + LC 


In a selective RLC branch | ~ IS usually much smaller 
than 1/LC. Hence the above relation can be written as 


but 


top 

LC 


A 


(d 0 2 = resonant frequency. 


Therefore 


R 


oJi’ = ± 2£ ± fc’o 


If only positive values of to 0 are considered, then 


Let 



, R 

Wp = 



R 

0>i = 

=< °°~ 22/ 


O) J = (d 0 4- 


R 

22 / 


Then the width of pass band will be 


9 _ 

•The points at which the current assumes the value are called half powtfr 
points because, at these points, the power is exactly one half the maximum 
power which occurs at resonance. 
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A 


(D=U) 


2 


to 


R 

L 


rad. /sec. 


or 




/< 


2rrL 


c/s. 


...( 1 ) 


v*/ 

Therefore the frequency range for the pass band as defined 
here is Af=f i -f 1 =R/2nL c/s. 

2-4. THE Q OF SERIES CIRCUIT : 

The degree of selectivity of a circuit/that is, the narrowness 
of the bandwidth is usually expressed in terms of the symbol Q, and 
is expressed as 

Q ^0 /, 

ctij-W! ~ Af 


-(I) 


In the case of series circuit 


Q 


•erles 


O) 0 


CD 


0 


o) 0 L 


A co R,/L R, 

1 


1 


a > a CR, 


1 


. R,.C 



C 


V(LC) 

where R, is the total equivalent series resistance of the circuit. 

oj 0 L u}(,LI 0 


...( 2 ) 


Qseriet 


R, ~ R,I 

Voltage drop across L 
Voltage drop across R, (impressed voltage) 


Also Qterlet 


1 


1 


4, Io/ w oC 


<t) 0 CR, R,./o ui 0 C Rg-Iit 
Voltage drop across C 
Applied voltage 

This is multiple of the applied circuit voltage that will 

exist across each of the reactive components at resonance O s , bSrs 
its own significance in radio frequency circuits where Q, is essen 

tially coStant. “ ‘ OW fr ' quency circuits *. >s «“n- 

T ° ,he wm “fp^band of a series LCR 


0 = 120 , 
£=150. 10-6 
C=200 pf. 


henry 


Width of passband =/ 2 — / 1== J?_ 

2 vL 



_.L_ 1 

R ~R V(LC) 


and 
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• • 


*4 

150.10- 6 

120 

U-h- 


1 


V(LC) 


1 


V(150.10- 6 .200.10- 12 ) 

150 


ohms 


150 


12V(3) 


ohms. 


7-663 kc./s. 


"12^3. 2.3-14.150.10-° 

2 5. PARALLEL RESONANT CIRCUIT : 

A parallel circuit consisting of a coil associated with a resist- 
ance R in parallel with a capacitance is shown in 
figure 8. Resistance associated with capacitance 
is assumed to be negligible. 

An expression for the importance of this 
parallel circuit can be derived as follows : 

Let Z be total impedance of the circuit, 

Zr, Zl , Zc be the impedances of resistive, induc- 
tive and capacitive branches ; then we can write 


7 _( Z r +Z l ) Z c (R+jcoL) (~j!oiC) 
Z r -\-Zl-\-Zc R-\-j (coL — 1 jwC) 

( R+jcoL ) ( — jlwC)[R —j (o>L — 1 lu)C)] 

R 2 +(cjL- 




Fig. 8. Parallel 
resonant circuit. 


R 

w 2 C 2+ u> 2 C 2 


joj 


{L—C (u> 2 L 2 R 2 )} 


R, +h-i) 

R+ju> [L-C (cu 2 L 2 + R 2 )] 

~ aj 2 C 2 A 2 + W 2 IC-l) 2 

Separating the real and imaginary parts, we get 

R 


effective resistance R e = 


effective reactance X, 


a) 2 C‘-R i +(.co 2 LC- 1) 2 
{L-C (w 2 L 2 +R 2 )} oj 


e io 2 C z R 2 + (lu 2 LC — 1 ) 2 * 

The magnitude of total impedance Z can be written a9 

z=w(r *+x VIE+^. {L-wv+im 

V V-'V J- . »o, 02 I i .2 / n . \ \2 



R 2 +o> 2 L 2 


cj 2 C 2 R*+(.o?LC-1) 


A 2 -Ko> 2 LC-]) 2 

R 2 4- cv 2 L 2 


...d) 


VL {o»*C*i? 2 + oj-^LC— l) 2 } (tf 2 +co 2 L‘)l 

/? s +o> 2 L a 

V{A 2 +w 2 (CR 2j ra> 2 L 2 C— Lf) 


—( 2 ) 
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The admittance Y=\JZ will be minimum when in equation (2) 

CR'+wWC-L^b. 

This corresponds to the reactive or quadrature component of 

mum impedance the c n j w *#• a minimum admittance le., maxi- 

appHed^ m f ^u Current wiI1 be minimum for an 

appnea e.m.f. This will occur at a resonant frequency 


f 

2tt 


where 


CR*+wfDC-L= 0 , 

Wfer-S) ••• /.- W(ec-S/ (3) 

This type of circuit is known ns a reject circuit Since "the 

S3SHSSS5 

Z — 

^retoname — ^ 

This impedance at resonance is called dynamic resistance. 


Therefore dynamic resistance = ^ 

R 

=R+^-( ~ 
R \LC 


R ,L' 

X+ r W. 

R*\ L 


Peak current fro 


l*)~cr 

supply source at resonance called the make 

V VCR _ 

The current 


up current will, therefore, be equal to 

• • L/CR r - ^^4vm 

in capacitance and inductance branch r J 

But I c =Vco 0 c, so that Pei lk CUrrent m the capacitance, 7 C . 


Oscillatory current 

r A “ 


Lto. 


Make up current from supply^ VCR~~ff~Q factor. 

Thus the parallel rejector circuit m resonance exhibit s 
magnification of ^ while exhibits current 

fication of the same 'ratio. ° "*** 

i.e., dynamic^sistance tanCe alS ° 1x5 cx Pressed in terms of Q, 

C Lot, J i 


CR~ R ■ ujjc 


Late. 


1 




o> 0 CR 


Leo 


circuit becom 
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mpedance of the branch line. Figure 9 shows the resonance curve 
for the parallel resonant circuit representing a minimum current 

^it the resonance. 

Figure 10 shows the magnitude of a parallel circuit ii 
4s a function of frequency for different circuit Q's. 


ipedance 




Fig. 9. Resonance curve of Fig. 10. Variation of impedance of parallel 
parallel circuit. circuit with frequency for different 

Q values. 

We see from equation (3) that the resonance can be obtained 
by varying either L, C and to. - As we have discussed with series 
circuit, the resonance condition can here be found for all the th 
°wcs as follows: 

(a) Varying inductance : The frequency for parallel resonance 
when inductance is varied, can be found by differentiating admi - 
tance with respect to inductance and equating it to zero lor 
minimum condition. From equation (1) the square of admittance is 

, oj' C'R'+jatL c-i y* * 

I r I (/J J +to*L 2 ) 

(R*+ot*L*) [0+2 (oALC-l) to*C] 

— 2(o t L [to 1 C 2 i ? 1 4-(<t< LC 1) ] _ 



(R*+to*£ 2 ) (to*LC- 

(R*C+L) (<o*LC- 

— <o a L a C 


* 1 

" ” LC + i- 


(Rt+to'L*) 3 

1) C-L [a>*C'R*+(u> i LC- l) a ]=0 
l)—Lo) t C t R 2 =0 
=L+R 2 C. 

R 2 


0 


c o=(o t 


UJ Lr H ^ t 

We see that at this frequency, though impedance of the parallel 
circuit is maximum, but the power factor is not unity. Conse- 
luently if L is adjusted until the circuit has maximum impedance, 
the power factor will no longer be unity. 
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(■ b ) Varying capacitance : Similar to above case, the condition 
for maximum impedance can be found as 

d I Y I 2 _ = <R 2 +u>*L 2 ) [2oj 2 C7? 2 -f2 (a>*LC—l) «,»£,! „ 

(/? a +o> 1, L i p ^ 0 


dC 


or 


C/? 2 +L (u» 2 LC — 1)=0 
u> 2 L 2 C—L — CR 2 



which is the condition for unity power factor resonance. Thus when 
capacitor is adjusted for maximum impedance, the condition for 
unity power factor is itself satisfied. This metod of tuning is 
therefore, preferred in radio experiments. ® 9 

(c) Varying frequency : By a procedure, adopted in above 
two cases, it can be shown that when frequency is varied to obtain 
maximum impedance, the frequency of parallel resonance is 


Cl) 


0 


and 



1 + 


2 R*C 
L 



* 


i 




2 R 2 C\ R*C 

2n V (LCj[J 

The condition is not consistent 

with the condition of unity power 
factor. Resonance curves, when 
frequency is made variable, are 
shown in figure 11. 

. It is to be noted here that 
impedance varsus frequency curve 
for parallel circuit resembles with 
current versus frequency curve of 

series circuit. We shall discuss this 

in the next article. 

2 6. DISCUSSION OF Q-VALUES : 




Parallel resonance by 
varying frequency. 


In above three cases, we have described th 
for the circuit when Q value is low. res . ona nce condition 

e parallel circuits which have sufficiently v* -iw* S most ty employ 
the value of Q is high then L > > j? a A hlEh 2 values. When 

then the three possible conditions ^ ll0n to above ihiee case*: 

fied essentially at the same frequency 1 " P aral,el re sonance 


ee cases 
are satis* 


IOq = U) 


C o. 


1 


which ,s same as for series circuit^ 0 ’ 


r 
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I 


* 




i 

i 


2 7. SELECTIVITY OF PARALLEL RESONANT CIRCUIT : 

If for the high Q value we write the expression for impedance 
of parallel c : rcuit, it will come out to be 

Zi Z c jo>L. jfcoC L/C 


Z 



R+j{ 


ojL 



R+j[ 


wL 



Multiplying by oj 0 to L and C in numerator, 

oj 0 L[ cxJqC 


z 



z 


parallel 


(o>0 LY 


R+j( 


io L 


1 


since a> 0 L 


1 

OinC 


z 


ooC 

constant 


Parallel 


R+j ( 


t oL 


1 


•• (i) 


00 c 


then 


If we write equation (2) § 2'2 for the current in series circuit, 
, V _ constant 


r+j ( 


wL 




...( 2 ) 


It follows from equations (1) and (2) that both parallel impe- 
dance and series current are equal to a constant divided by the same 
impedance. Therefore, the resonance curve of the parallel impedance 
of a circuit can be considered to have the same shape as the resonance 
curve of the series current in a circuit consisting the same inductance, 

capacitance and resistance connected 
in series instead of a parallel 
arrangement. Consequently the 
working rules that were applied 
for estimating the sharpness of 
resonance of the series circuit also 
a PPly to the case of parallel 
resonance when the circuit Q is 
high or moderate. 

The parallel circuit’s response 
curve is shown in fig. 12. The 
peak of the curve will correspond 
to impedance at resonance i. e. 
h/C/?. The sharpness of the curve 
depends upon the circuit Q and 
ma y be increased by increasing the 
value of LIC or decreasing the 
value of*. 



Small R 


Large. R 


O Frequency 

Fig. 12. Resonance curves for 

RLC parallel circuit. 
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r 

m % 

For high R values the pass bandwidth or the degree of 
selectivity of the parallel resonant circuit can be defined in a simi- 
lar manner as for series resonant circuit, i.e. 

4/=/o / Q • 

2 8. FURTHER DISCUSSION OF SHARPNESS OF RESO- 
NANCE IN PARALLEL CIRCUIT : 


The variation of parallel circuit impedance with angular 

* . 1 • ^ ^ 




quency w is shown in figure 13. 
The circuit is said to be more 
selective if it offers high 
impedance at resonance and 
a much lower impedance at 
other frequencies. 

PP' at which the impe- 
dance is Z 0 /\/2, where Z 0 is 
the impedance at resonant 
frequency for medium Q is 
called width of resonance 
curve. Then Q, the selectivity 

is defined as In practice 

0 and thus 


\&H!&HQLe. LOW R 




R 



Z 


\Z\* 


0 


Fig. 13. Impedance curve 
jcoL 

c o*LC)+ju>CR 9 

coL 


At 


W = L O 


0* 


z=z 


■° vui-w a £c)‘+a>*c^r 

= _L 
~RC 

If u>=a> 0 ±\A<„, the terms ojL and o>*C 2 i? 2 will h * 
as *> 0 L and but the terms ( 1 ~^LC } will no^n^er beteTo 

I • ■ \ 


since when R-* 0, o> 0 


1 \ ° 

V(kC)) so lhat for th «s term we assume 

fit nnlv pnn-ii « ^ 


For and I Z 


that o>=a> 0 ±ido>, and not only 7 equal to w 

! z 0 1 . 

v '2 , i.e., « t = (Uo+ ij OJ ' we have 

Zo1 

VL{ 1 

l/cr 


z 


V2 

1 Zp I 

V2 


^ w o'r^d<i>) 2 Z.C}2+u, 0 i C 2 R 2 J 


1 


( a, o-i-£- l c U ,* £C) 2 + COo *c*R 2 } 
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Therefore, \/2t u 0 CR 


io a 2 C 2 R* 


V[{l-(w 0 + ^w ) 2 LC) 2 +a> 0 *C*R*], 
[l-K+*Ja /) 2 Z.C]* 

[ 1— (w J 3 + w 0 Ja> + JJoj 2 ) —1 


Aco\* 


to 


~4~ <ih\CR 


j neglecting Jw 2 terms. 

■) or ^cr={2,\ 


Bat 


Q 


Thus 

which is 
circuit. 


Q=17-): 

\dw) 

measure of 


■(£) or jsbrfe)- 

1 Lo>u 

tu 0 CR~~ R 

ivko-m-)- 

1 L<o 0 1_ 1 1 L ~\ 

'w 0 CR - R ~-R J \C )’ 

the selectivity of the parallel resonant 


2 9. EFFECT OF SOURCE IMPEDANCE ON THE SHARP- 
NESS OF RESONANCE CURVES : 

Suppose Z g is the internal impedance of the generator to 
which the parallel combination of L and C is connected. Then, by 
Thevenin’s theorem, assuming the generator voltage as open- 
circuited voltage, the current through load connected will be 


Jr 


o c 


Z 0 + Zr 


Therefore, voltage across the combination 

j7 PqgZr 

R ~Zg+Z R ' 

where Z R is the impedance of parallel combination. 

Now we see that : 

(0 at the zero internal impedance of the generator (Zg— 0) 
the voltage across the combination will be independent of 

frequency as represented by a line Z 8 =0 in the 
figure 14 ; 


00 lf the generator has high impedance then at resonant fre- 
quency, the parallel circuit impedance being maximum 
the current will be minimum. With the result, that the 
voltage drop across combination will be higher and 
that across generator impedance will be minimum : 

0*0 as the frequency is increased or decreased from the reso- 
nant value, the parallel circuit impedance decreases and 
the resistance of the generator is increased. Consequently 
voltage across combination falls and that across generator 
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impedance increases. 
Greater is the value 
of generator impe- 
dance, i.e.y greater 
the deviation of fre- 
quency from resonant 
frequency, sharper 
will be the fall i.e., 
curves are more 
peaked. 

Therefore to se- 
cure better sharpness 
of resonance curve 
with high impedance 
generator, a parallel 

combination should be 
used. 



FREQUENCY tN KG 


Fig. 14. Effect of generator impedance of 

parallel resonance curve. 

210. DESIGN OF AN ANTI-RESONANT CIRCUIT : 

In vacuum tube class C amplifiers, the anti-resonant circuits 
are employed as a tuned load to the plate circuit The reason is 
that the branch resistance is transformed Into the large va^e 

appropriate for loading of vacuum tube. S 

At anti-resonant frequency, the impedance of the circuit is 
purely resistive and is given by r U11 

R R_ . 

ar co 2 C 2 R 2 + ( at 2 LC — 1 )2 

Now the condition for unity factor is 

L=C(R 2 +co 2 Z. 2 ) or C= 

B 2 -\-oj 2 L 2 

Substituting this value of C in above expression for *„ tve 


get 


R 


ar 


R (R 2 + ut LV 

u'L 2 R ‘ *. + [to 2 L t _ ( R , 


V 

• t 


• « 


(R 2 +q> 2 L 2 ) 

* 

u>L=X L <=y/[R 

OiL I [(R _ R j 


Qt 


R 


L 



AlSO — =(i?2+ a) 2£2) of 




coC 


r,— (R 2 + to 2 L 2 ) — R R 


...(2 


CO 


X. 


RR 


ar* 


ar 

coL 



-c 
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Relations (1), (2) and (3) can be applied to design an anti- 
' .onant circuit and hence the design formulae. 

I Example. It is desired to design an anti-resonant circuit to 
ansfonn a branch resistance of 100 ohms into an effective resis- 
tance of 10,000 ohms at the anti-resonant frequency 10® c/s. 

For the design of an anti-resonant circuit, we should find out 
the value of Q, L and C. From given data, it is obvious that 

= 100 ohms 
= 10® c/s. 

-Q. branch resistance 
-Q.Lo). 

= 10,000 ohms. 


or 


Effective 


a>L 

. / 

resistance 


Therefore Q.Lwm 

2=100 since La> 
Resistance of inductive branch 


100 ohms. 


/?-= 


L 


Leo 100 

Q “100 
100 
2 rf- 
10 "‘ 


Leo = 100 


100 


2.314.10® 


henry 


“ -28 

For the value of capacitance, 

L “~kr m - 


0-159.10- 4 henry. 


C 100a> 2 t 7 . 10 «. 10 2— 6-28 0,1 1 59 -10 8 farad. 

The required values for the design of anti-resonant circuit are 

Resistance = 1 ohms, 

Inductance=159.10 -4 henry, 

Capacitance = 00 159 t*F, 

0 = 100 . 

21 1. COMPARISON BETWEEN SERIES AND PARALLEL 
RESONANCE : 


(«) 

(*) 

ic) 

id) 
(«) 


Series Resonance 

Impedance at minimum 
value. 

Inductive and capacitive 
reactance equal in magni- 
tude. 

Reactive components of 
voltage combine to equal 
zero. 


Voltage source constant 
in maximum magnitude. 


Current maximum 
constant resistance. 


for 


Parallel Resonance 

Admittance at mini) 
value. 


M 


um 


Inductive and capacitive 
susceptances equal in 
magnitude. 

Reactive components of 
current combine to equal 
zero. 

Current source constant 
in maximum magnitude. 

Voltage maximum for 
constant conductance 


24 


Hand Book of Electronics 


2 12, COUPLED CIRCUITS : 

When the two circuits are so arranged that the energy can be 
transferred from one to another, they are said to be coupled. ^ 

In common cases, coupling is produced by two coils (one in > 
each circuit called primary and secondary coils) between which 
mutual impedance exists. These are called inductively coupled 
circuits. The effect of mutual inductance is to make possible the 
transfer of energy from one circuit to the other by transformer 
action. That is, the alternating current flowing in one circuit (pri- 
mary circuit) as a result of the voltage applied to it, produces a 
magnetic flux which induces a voltage in the coupled circuit 
(secondary circuit). This results in an induced current and a trans- 
fer of energy from primary to secondory circuit. There are three 
types of primary and secondary circuits : 

(a) primary and secondary circuits both untuned, 

(b) primary circuit tuned and secondary circuit untuned, 

(a) primary and secondary both tuned. 

212 1. TERMS USED IN COUPLED CIRCUITS : 


4s re 

OR 

Zzi 


CJRCU/T 2 


Fig. 15. Conducfively 
coupled circuit. 


(1) Conducfively Coupled Circuits : . 

Figure 15 shows the two conductively | [zJ 1 z 2 f— 

coupled circuits. The circuit 1 is called * 1 1 

as primary circuit while circuit 2 as C, * aj/T i [z^ c/*cu/Ti. 
secondary circuit. The impedance (i? 12 V 
or Z 21 ) of the common branch is called I | vjy 

as mutual impedance between the pi, 77 — 

cuits. This impedance may be a pure ' ^ 

resistance, a pure inductance, a pure carv, P 6 circuit - 

bination of these circuit eleraen u° r J° rae Com - 
flowing in circuit 1 and 2 respectively ril ' 2 • e the cur rents 

4 are, of course, arbitrary. Now ** lhC direct, ° ns of /j and 

i 11 =f 1 i5 12 < Im P eda nce of circuit I to A) m 
If the ctrcmt parameters are COnstant 

■^la — -^21 (Mutual impedance betwpp^ , 

Applying Kirchhoff^aw to j ir c„te 

Solving equation (3) and (4) for 7 an H / ~( 4 ) 

\) iur and / 2> we get 


- ( 1 ) 

...( 2 ) 


...(3) 

..,(4) 


E 

0 

Zu 

^21 

Zix 

^21 

Zn 

“Zoi 


* 1 . 

■^22 

■f* 

•^22 

E 

0 

Z 12 

Z 22 




22 


R 2 


...(5) 


^llZ«>2 — 


...( 6 ) 


A 
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The input impepance of mesh 1 may be determined as 

z u z 2 a -z lt a 

Zm 


Zx 


in 


z 


Z 1 


12 


11 


Z 22 • 

This equation shows that the input impedance of the first 
mesh is modified by the presence of the second mesh because 

the term — Z Ja 2 /Z 2a . 

The transfer impedance may also be determined as 

~ ZnZ 2a — Z 12 2 

ZT 12 = 


z 


-Z ia 

z„z 


11^22 


Z ia •••(8) 

(2) Mutual impedance : The mutual Impedance between circuits 

1 and 2 is defined as the ratio of the voltage 2 

permit current in circuit-l when the circuit-2 is open circuited. 

The definition of mutual impedance may be generalized to 
two pSof terminal, 11' and 22' as shown in figure 16. 


apply to two pairs 


Z 


V, 


21 


h . ...(9) 

A particular form of capacitive coupling is shown in fig. 17. 


CIRCUIT 1 

t 



14 circuit 
* 2 



CIRCUIT 

1 



Fig. 16. Circuit- i coupled to circuit-2 Fig. 17. Circuits coupled through 

through an arbitrary C,- C,-C, network, 

network. 


The coupling reactance is 


V x X\ 


X o~\~ Xq 


x x x, 


XcoupHna ~ y x ( % + X, + *3) X,+X 2 + X 3 ’ 


..( 10 ) 


Xr {X 2 +X 3 ) 

where V 1 is the voltage across C 1 and A"s are the capacitive reac- 
tances of the respective condensers The coupling capacitanc 

between circuit-1 and circuit-2 is 

1 1 
Ceouvlina cjXtoupUno ^ 


( I /ojC} ) ( 1 / to C a ) 



+ 


( CoCo) 


+ 


l 


coC 
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=c,+c I+ 5S 

(3) Coefficient of Coupling : The coefficient of 
between circuits 1 and 2 is defined as 

k— ^ 12 


...( 11 ) 

coupling 


21 


11 ' 


( 12 ) 

with 


22' with 


\Z(Z u 'Z 2 2') \Z(Z n 'Z 22 ') ’ 

where Z u ' is the impedance seen looking into terminals 

terminals 22' open circuited. 

Z 22 ' is the impedance seen looking into terminals 
terminals 11' open circuited. 

(4) Magnetic coupling : The two circuits are called magneti- 
cally coupled when a portion of the magnetic flux established by 
one circuit interlinks with the second circuit or the energy is trans- 
ferred from one circuit to the other circuit by way of the magnetic 

field which is common to the two circuits. Figure 18 shows the 

two coils magnetically coupled. The total flux & due to current L 
in circuit 1 is divided into two parts. 1 

(0 The part <f> n , which links 
only with the turns of circuit-1 
and is known as leakage flux of 
circuit- 1 with respect to circuit-2. 

(») The part ^ l2 , which links 
with the turns of circuit-2 and is 
known as mutual flux produced 
by circuit- 1. 



a/?cu/T< 


Fig. 18. Two coils rr.agnetkJly 

coupled. 

...(13) 
in ci cuit-2 is 


•• ^ 1 — ^11 + ^12 

Similarly, the total flux due to current / 
divided into two parts : * 2 

p) The part <i> 22 , which links only with the turns n .. . 

and ,s known as eakage flux of circuit ‘ 2 

(iz) The part which links ^ circuit- 1 

is known as mutual flux produced by circultS™ 8 ° f C ‘ rcuit ' 1 ?nd 

*’• = < f > 22 + 9 ^ 21 . 

(5) Mutual inductance : If a current u \ 

varies with time, the flux in it also varies wk'r? "U indu ^ tanc e 
change in flux an e.m.f. is induced inti th -. time ’ Due < > the 
experimentally that the e.m.f is nronorr < f l1 - 11 is observed 

of the coil current, i.e. “ P ro P° rt '°nal to the rate of change 


14) 


L 


di 

dt 


volts, 


where L is the constant of nronort;^ ,• ...(15) 

as self inductance of the cofl. P I,ty * Thi s constant is known 

From FamMoti’n 1 - . flfr 


From Faraday’s law, we hav 
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N 


d$ 

dt 


From equations (15) and (16), we get 


...( 16 ) 


or 


N 


L 


d<f> 

dt 


L 


<H 

dt 


N ~ henrys. 


...(17) 

As shown in figure 18, when a current i t varies with time, the 
flux 4>n and <i> n also vary with time. The flux <f> u produces a vol- 
tage in circuit-1 and <f> 12 produces a voltage in circuit 2. The e.m.f. 

induced in N 2 is called an e.m.f. of mutual induction, since it is 
an e.m.f. produced in circuit 2 by a change of current in circuit-1. 
The mutual e.m.f. is proportional to the rate of change of 
current i, i e. t 

d'i 

e i2 ...(J8) 

The constant of proportionality Af Ja is called the normal induc- 
tance between coils N l and N 2 . 

§ » 

If the rate of charge of flux <£ 12 is considered, then 

e \r volts 

Cl2 “ dt VOltS - ...(19) 


volts. 


Comparing equations (18) and (19), we get 


M 12 = N. 


dd> 12 


henrys. 


di, ' ..(20) 

Equation (20) shows that the mutual inductance is propor- 
tional to the rate of change of flux in N 2 with respect to change in 
current. 

Similarly, the mutual inductance of circuit 1 with respect to 
circuit 2 is 


M 


u 


Nl di 2 


...( 22 ) 


..-( 21 ) 

(6) Mutual Reactance : Considering figure 18, the basic 
equations of voltage for the two circuits can be written as 

t, • , r dii . di 2 

^l^Rih+Li ’ 

e,=RJ,+L, f+M a §. (M) 

If, for example, sin a >t, the voltage drop in current 2 

due to mutual inductance is 

di 

Afi2 === 0)Afj2 Jtn\ COS COt 

M 1 2 /ml COS COt 

In general, <oM = Xm. It is called the mutual reactance. This 
is the impedance function which expresses the ratio of the voltage 
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of mutual inductance to the exciting current. The voltage of mu- 
tual inductance leads the exciting current by 90° and hence the vec- 
tor expression for the mutual reactance is 


X M =*j<oM=u)M Z. 90°. 

(7) Coefficient of Magnetic Coupling : 

From equation (20) and equation (17), we have 

A/i2 N 2 d<t> 12 /di 1 JV 2 d<f>i 2 


• • (24) 


> 


^ ~N 1 d^> 1 /di 1 ~N 1 d<f> 1 '• ...(25) 

The fractional part of <f> } which links with N 2 , i.e , (</> l2 /<f> x ), 
and the fractional part of <f> 2 which links with N 2 , i.e. (^ 2 iM 0 give 
the degree of coupling that exists between the two windings. If 
these two fractions are small, the coupling is said to be loose. If 
all the flux <f> x due to i x on coil N x links with the turns N 2 , i.e., there 
is no leakage flux, we have 

1=^12 and d<j> x =d<f> 12 

. M in N 2 

•’ ...(26) 
If a fraction k x of the flux <f> x links with the turns N 2) then 
-kid, and 


4> 


12 


M 


i* 


Lt 


k N ' 

kl N, 


...(27) 

Similarly, if the fraction k 2 of the flux <f>, links with the turns 
of N x , we have 


M 


21 




L , — N , 

Multiplying equations (27) and (28), we get 


...(28) 


k x k 


M 


12 4/ 2 l 

U H 


M 2X —M. We define the 


If the circuit is linear then M x2 
coefficients as k M —(k x A:,) 1 /* , 

. “ M 

M V(La L 2 )- 

The coefficient of coupling is expressed as decimal or 
centage, having a maximum value unity or 100 nercent 
2*12-2. THE AIR-CORE TRANSFORMER • 

The conventional air core 
transformer arrangement is 
shown in fig 19. The circuit 
1 energized by a.c. is called as 
primary circuit and circuit 2 
is called as secondary circuit. 

Due to the magnetic coupling 
between the two circuits, a 

voltage is induced in the 
secondary circuit. The 


...(29) 
a per- 



C/ft C U/T 2 



C/ftCU/7 2 



fig- D. Conventional air-core trans- 

former arrangement. 
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induced voltage is proportional to the number of secondary turns 
Nx and depends upon the degree of coupling between the two 
windings. For the positive clockwise direction of i 2 , the sign of At 
is taken as positive. Under the condition M 2l dijdt acts in the 
same direction as L\ dijdt in the primary winding. For the counter 
clockwise direction of i. x the sign of At is taken as negative. 

The circuit equations are 




»1 


0. 


(**+*) i 2 J r(L,+ L) d Jf+^+\f n ~ l - 

In terms of effective values, the equations (1) and 
'• ritten as 

(Rl+JojLx) Ix+jcoMh^Vx 

( Rx+jutL , ) /,+|/?+y /,+>A.i> 0. 

For simplicity, we use the following abbreviations 
Z^Rx+jwLJ, Z 2 =(R i -\-ja)Lo), Z m —jui M 


...d) 

...( 2 ) 
(2) can be 

...H) 


...(4) 


Z 


• « 


K* 4 ' ( 

Zih-\- Zf.il 



2m/i+(Z2+Z) / 2 — 0 

Solving these equations, we have 


...(5) 

...( 6 ) 


A 


v x (Z 2 +Z) 


and 


I. 


Z x (Zx-j-Z) — Zm" 
-V X Z M 


...(7) 

...( 8 ) 


Zj (Z 2 +Z) Zm 

The voltage V 2 which appears across the load impedance is 

-v x z M z 

Z, (Z 2 +Z)-Z M * .. (9) 

The equivalent impedance Z tx referred to the primary side is 
defined as the ratio of applied voltage to the primary current, i.e. 


V. 


Z el 


V x Z.(Z,+Z)-Z 


M 


~h (Z 2 +Z) • ..(10) 

Transferred impedance : Now we will show that how an impe- 
dance placed across the secondary terminals of an air core transfor- 
mer appears at the primary terminals in the modified form. 

The equivalent impedance of an air-core transformer referred 
to primary side is given by 


Z'i 


Z\ (Zo+Z)— Z m 

(Zg+Z) 
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Z x 


Z r * 


M 


where 


«Z 2 +Z 


(Z 2 +Z) 

(Jti+jcoL,)- 1 - — c ° 2 ^ 2 . 

1-^2 +j&L 2 ') 


(R a +JojL 2 ) -f +j 


{ 



..,( 11 ) 


60 C 



_ . — ^2'+J«o£ 2 '. 

nationalizing equation til), we have 

Z ei =(R,4-i„>r — to 2 M 2 x (R 2 r —j<y Li') 

=R X + jwL , + -, W * M2R * _ j^M 2 L 2 



(i? 2 ' a +a,2L 2 '2) 
u> 2 M 2 R z 



(i?2' 2 + <0 2 £ a '2>] 

f /, 

L 1 (>2' 2 + 60 2 Z 2 '2)J 

...(12) 


1 


It is observed from equation (121 that > •••(12) 

primary terminals in the modified form as 2 EPpearS at the 

r co 2 M 2 


1 D , 

(/?2 2 “f-C0 2 Z, 2 /:i ) J 2 2. ' 2 ’ 

y^TI 2 


If ^? 2 ' is very small compared with co L ' th» n ■ fl3 > 

takes , he form %)‘ R ' aonL , ‘ ’ eqUa,,0n < 13 ) 

\n 2 ) - a PP ro *>mately. 

TTUiin ^ — • __ * 


T h us e , placed acr 0S s the secondary may appear at 


primary as (£■)’ R approximately. 


of equivalent T/JZ7£ZZ7Z"^ If reactance 

former may be neutralized by us j™ L^V * • ( ? ,0n . of trans ‘ 
or secondary circuits. These canacitnr« P ltor ® eit her in primary 

m senes or, in parallel with the tSnsformT^ K arra nged either 

that (equation 12), D transformer windings. We know 


Z 




*i+ 


u 2 M 2 R\ 1 
^ +aj?£a f2 } J+yco 


where 


R 


«z 


oj 2 M 2 R' 


[* ,+ (W^fc 


X 


di 




and 


qj 2 M 2 L 

(Rz' 2 + w 2 L 

...(14) 


(/? 2 ' :a -)- Ct j2 A '27 |~| Z,. ^ . 

Now by introducing a capacitor ( V A R 2 *+X 2 2 J. 
ance equal in magnitude to the induc^ve’re A S a ca P acitiv e react- 

KA5HMIH UNlVEflSITV C anCe in serie? 


M 2 Z a ' 1 

' 2 +z 2 ' 2 J. 


Iqbal 
Ac®. No \ 


/ l v 
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Thus ‘the value th o c a™ ad t i v e * Z a a a n c / for ' r - Can bC obtained * 
factor should be P reactance tor pn ma ry unity power 


X'l (.*erlet) 


Am 2 AV j 

Y el =~ L— = - . X. 

R el+jX (1 Rei' + Xe 2 Z J 


«x 



ThPr«nons/' ,1 " /Ifl " ^ a *+JT el *- ...(16) 

must equal lo Ve S “ SCep,anCe of the P ar allel Primary capacitor 

^ (parallel) 2 + 

the MmZflfa cinuU shownTn" figured. ^ impedance of 

, Here primary and secondary 
both are tuned circuits. Let X x and 
X 2 be the reactances of primary 
and secondary circuits, then 

AT 1 =toL 1 - 1 


md Xo=ojL 


1 


<oC 1 


ojC. 



'Hie current I x in the primary 
circuit will be F y 


Fig . 20. Inductively coupled 

circuit. 


r _ Vl~ jojMh 

T , , 1 • ...(0 

iv n en U hu d »i CUrrentS /z m the secOQ dary circuit can be shown to 
iven by the expression 


be given by the expression 


juj M I 


{R.+jx.y 

ultiplying above and below in equation (//) by (R 2 —jX 2 ) 

ju>Ml 1 ( R 2 -jX 2 ) 


•••00 


I, 


(R'l+jX^) (R 2 —jX 2 ) 
JvM h (A*-jX t ) 


P -• i W + x 2 *) 

u ing the value of / 2 in equation (/), we get 

> MIi iR*-jX 2 )\ 


h (^i +jXi) =V l — ju>M 


V, 


RS+XS 

( R,-jX i ) 

R‘t -*r 
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wW 8 {R t -jX*) 


• • 


R 3 2 -W 


I 


^1 + 


<o 2 M*i? a 
* a 2 +** a 


co*Af*Y, 

RS+Xi 


a 2TA! / \ 

Let effective impedance of primary be Z/, then 

H W ( x.- — ■ 

Therefore 



Z/ = 


•K 2 2 +av 


equivalent primary resistance 


Ali "/?a 2 +X 2 2 ’ 


reactance = 


w 2 M*X 2 
Rt z + V 


xv b -r^a 

We see in above expression for resistance and reactance that 
due to coupling action, the original primary resistance and reac- 
tance have beeD modified by the components of reflected impedance 
of secondary into primary, i.e. 

resistive component of reflected impedance 

A n “ —l— A - 


reactive component of reflected impedance 


RS+XS’ 
co * M*X t 

Rf+XS' 


The nature of this coupled impedance largely affects the 
primary and secondary currents. When the coupled impedance is 
small, then the primary current is very nearly the same as though 
no secondary were present and the effects produced in the secondary 
circuit by the primary current will likewise be small The coupled 
impedance will be low if the mutual inductance M is very small 
l • e. y if there is small coupling) or if the secondary impedance is 
very high n contrast, if the coupled impedance is large due to 
strong coupling or small secondary impedance or both, the voltage 

c , urr ^? ,i ' re - atlo “ s that exist in the primary circuit are then 

largely affected and a very considerable transfer of energy to the 
secondary occurs. 

2-12-3. THE AIR CORE AUTO-TRANSFORMER : 

When the two impedance coils are arraog p< t * n *» «•**»«» -- 

t°Z n in /f ure r 21 ’ the arra ngement is called 

as an auto-transformer. The auto-transformer 
works as a step up voltage device, when the 

voltage is r J v licd between the termi- 
nals ah and the ! ■ aa is connected across the 
terminals ac. ae auto- transformer works 
as step down voltage device when the driving 

Ind a th e e ?naH PUed between the terminals ac 

Zi 00,meoted be ‘» e '" term i- 



Fig. 21 


Air-core auto- 
transformer. 
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213. BEHAVIOUR OF RESONANT CIRCUITS TUNED TO 
THE SAME FREQUENCY AND COUPLED 
TOGETHER : 

When the two circuits, resonant at the same frequency are 
coupled together, the resulting behaviour largely depends upon 

the degree of coupling. We consider separately the following two 
cases : 


(a) When coefficient 
of coupling is small. When 
the coefficient of coupling 
(*=•005) is very small 
the effect of coupled im- 
pedance is negligible. 
Therefore the curve of 
primary current as a 
function of frequency 
approximately resembles 
the series resonance curve 
of primary circuit consi- 
dered alone as shown in 
figure 22, (curve for 
*= 005). 

The secondary cur- 
rent at the same time is 
small and varies with 
frequency in such a way 


003-<K< K e > 



■OI-(K.Kc 

-oo-r/rwu) 


FREQUENCY 


Fig. 22. Variation of primary current with 

frequency for different coefficient 
of coupling. 

** TT C* J 

^ to be much more peaked than the resonance curve of the 

condary circuit considered as an isolated circuit as shown by 
curve for *=0'005 in fig. 23. 




/ 



Fig. 23. Variation of secondary current with frequency for 

different coefficients of coupling. 





34 


Hand Book of Electronics 


( b ) When coupling increases. As the coupling is increased, 
the curve of primary current becomes broader and the peak value 
of primary current is reduced. At the same time, the secondary 
current peak becomes higher and the curve of secondary current 
somewhat broader. This process will continue until a stage is 
reached at which secondary current has a maximum value. The curve 
of secondary current is then somewhat broader than the resonance 
curve of the secondary circuit considered alone, and has a relatively 
flat top The primary current now has two peaks because of being 
greater at frequencies just off resonance than at resonant frequency. 
All this will happen when the reflected resistance from secondary 
to the primary is equal to the resistance of the primary. This is 
known as cri* zal coupling and causes the secondary current to 

have the maximum possible value. Mathematically reflected 
resistance is 


Rr 


co 2 M 2 R 2 

~ R*-\-Xi 2 

At resonance, reactance X 2 is zero, 

• • I\ r 


For critical coupling R 

_ co 2 M 2 

Ki= 


R* • 

Ri, so that 


Since 


• • 


Q 

Ri 

R1R2 


r 2 

Loj 
~R 
LyCO 

OT 

(o 2 L x L t 

QiQ 


and c o 2 M 2 =R 1 R 2 . 


, we have 


and R 2 


-(I) 


L 2 uj 

qT 


Putting this value in equation (1), we get 

<*'L X L 2 


oi 2 M- 

M 2 


QxQ 

K 2 = 


1 


QiQ 


UL 2 
^ 2i=£? 2» then 

coefficient of coupling K 


1 
Q 


K c . 


coupLgTSth prfmwy and 8 secondary CrhiCa 

r PS “ Prfma“ n 

curve of sp '« d farther apart. Th 

coupled impedance inSte 
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when coupling is large. At resonance, the primary current tends to 
be relatively small because of the very large coupled resistance, 
while there is a frequency on each side of resonance at which the 
coupled reactance exactly neutralises the primary reactance, giving 
zero reactance for the total primary circuit impedance and causing 
the flow of large current. Thus a double hump is produced. Since 
the secondary current is a function of the primary current, it tends 
to have peak values at frequencies where the primary current is at 
maximum. Hence the secondary current curve also shows the 
double humps as the coefficient of coupling is increased beyond the 
critical value, the peaks being spaced further apart as the coupling 
is increased. It is obvious from fig. 23 (AT==0 01) that when the 
coefficient of coupling equals the critical value and if Qi=Qt, then 
the curve of secondary current as a function of frequeney has 
the maximum flatness that is possible in the vicinity of resonant 
frequency. 

Width of band pass : As we have deduced previously, the 

„ , . . . a 

reflected reactance in primary = — y 

A 2 1^2 

Since resistances of both primary and secondary are small 
compared with reactances Xi and X \ (as we are considering the 
circuits with high Q values), we can take net reactance of primary 
equal to 

w'M 2 

XT' 

At resonant frequency / 0 , reactance becomes zero, that is 

a) 2 M 2 


Xi 


X 


0. 




( aL ‘-^c “ L 




u> 2 UL 2 [ 1 


• • 


M 2 =L 




urLiCi 


u) 2 L*C‘ 


• i 


A/ a =L 1 L 2 ^1 



AT* 

IX 
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or 


oj 0 2 =o) z (1 + AT) 

/o 2 =/ 2 (1 ±AT) 


or 


/ 




f 


V(l±*) 


1 + 


2 


approximately. 


Above relation shows two frequencies one less and other 
greater than the resonant frequency f 0 , i e. 

f fo f fo 

J 1 


\ + 


K’ 


/« 


1 


K‘ 

2 ' 2 

We have seen from curves for secondary and primary currents 
that the double hump occurs at frequencies slightly less and 
greater than resonant frequency. The width of passband can be 
shown to be equal to 

/a— /i=/o (l4r-/o (l4)Wo*. 

Af=f 0 K=J±-, since 

From above equation it is obvious that width of passband 
depends upon coefficient of coupling and varies inversely as Q 
value of the circuits. 

2 14. FIDELITY OF RECEIVERS : 

In order to obtain high 
fidelity and high selectivity 
the ideal response curve 
should have a flat top and 
straight sides. An approach 
to this ideal condition is made 
by using two resonant circuits 
tuned to the same frequency 
and coupled to each other. 

The circuit is called a band- 
Dass amplifier and used as 
an intermediate frequency 
amplifier in super-heterodyne 
receiver. 



RESPONSE CURVE 

OP AW AMPLIFIER 
USING owe TUNED 

M circuit 

IDEAL RESEDA* 
CURVE 


RESPONSE 

CURVE OF 
AMPLIFIER 
WITH TWO 
TUNED 

CIRCUITS 

COUPLED 

TOGETHER 


h&quencv 

Fig. 24. Response curve of amplifier 
rp. , _ with tunned circuit 

n fT? C s ^°P e . s ^ es °f the response curve will varv with thp 

steeper and provide greater attenuation of th^c^ the curve 

outside desired band. Thus high O circuit S frec l uencies 

major importance, overcounlinc ic f r# > 8 fidelity to response is of 

nose of the curve by double peakine qU Th- y USed t0 broaden the 

3 P ea kmg. This passes efficiently the 
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upper side bands due to higher (audio frequency) modulating fre- 
quencies. For most purposes, the best bandpass characteristic is 
tbat which corresponds to a coefficient of coupling equal to the 

critical value (K=K C ). , . , 

Example. To calculate the Q of the tuned circuits when the 

bandwidth between point of the curve (fig. 24), where gain equals 

the gain at resonant frequency one megacycles is 20 kc/s. 

It can be shown that the relation for the bandwidth between 

points on the curve where gain equals the gain at centre frequency 

. A . A ^ . 


IS 


(40 


re 90 nance 


where 


QrfltcUte — 


(.Af) t gcmdary 

VVo-K 

fo /» 

Q 


Therefore 


10* 


50 


and 


‘ 20 . 10 8 

Qcircuit— \/2 Co/r«eil»« = ^V2 = 70 5. 

NUMERICAL EXAMPLES 
1 . A series circuit contains an inductance of one henry , a capa- 
citance of 16 5 microfarads and a resistance of 120 ohms. An alter- 
nating e.m.f. of 100 volts, 50 cycles is applied to the circuit. Find 
the value of current and the phase difference between the impressed 

voltage and current . 

The imdedanCe of the series circuit is given by 


Z 


j (120) 2 +{ 2 ttx50x1 


10 * 


Current I 


=1(120) 2 +(314- 

* 0 6 a 

Z 168 


2wx50x 16 
194) 2 ] 1 / 2=J = 1 68 ohms. 

mperes. 


YV' 

•5j j 


The phase difference 9 is given by 

_,ojL-1/ojC x 120 

1 tan 120 


tan 


R 


45 


The applied voltage is ahead of current by 45 . 

2 . Find the resonant frequency of a circuit containing ait 
tnductance of 2 henry s and a capacitance of 8pF. 

We know that f=~2^{LC) 

1 

= 6-28V(2x8Xl0-*) 
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6 28x4x 10“ 8 

1 


^ 0*0251 39 ‘ 8 C/S ' 

3, Find the resonant frequency of a circuit contai 
tance of 300 nH and a capacitance of 500/i/xF - 

300 pH= 300 x 1 0 -*H= 3 X 1 0" 4 # 
500/xpF=500x 10- J 2 farad==5x 10“ 10 farad 

1 


f 


2w-y/(LC) 


1 


4. 


~ 6*2&V(3X5X 10- 4 X10-^ 

1 

x= 6’2’i x 10~ 7 x 3 8 

1 

~24-35x lO" 7 
s= 41 2000 c/s. 

A series LCR circuit has L=100 micro-henry s, C— 100 
microfarad and F=0*1 ohms. Find the resonant frequency 
and the temperature of the circuit at this frequency. A voltage of 5 
millivolts at the resonant frequency is applied to the circuit. Deter- 
mine the resulting voltage across L. What is the impedance of the 

series circuit at a frequency less than the resonant freauencv 
by 5000 cycles ? 

Given £=>100.10-® henry, C=100.10- li! farad, F=01 ohms 

F=5.lO~ s volts. 

The resonant frequency of a series circuit is 

r 1 1 10 7 

1 u InViLC) ~ 277 V( 100. 10-«.l 00. f0~ 12 ) = 2rs 

— 1*59.10® c/s. 

Impedance at resonant frequency in series LCR circuit is Durelv 

resistive i.e. F 3 

Impedance at resonances 


= F=0T omhs. 
Now the current at resonant frequency. 


Therefore, voltage across L 


l.aiL 

•05.2 nf 0 L 
10 7 
2 it 

50 volts. 


V 

£ amp. 

5J0“ 3 
001 " 
’05 amp 


•05.2*. 


100. 10“ 9 
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Now impedance of senes LRC circuit at any frequency is 


z 


where /= 


J{ 


/g-5000 
= 159.10*— 5.10* 

= 159.10*— 0-5.10* 


158 5.10* c/s. 


Z 


y{ 


i 


— 2t^. 1585.10* 100.10 
^joi + f 995-4- 10 




995-4 

= V{’0I +92-16} 

=9-601 ohms. 

EXERCISES AND PROBLEMS 

1. When has a series circuit its lowest impedance ? 

2. What happens to the impedance of a series resonant circuit when the fre- 
quency is changed from the resonant frequency ? 

3. What is the effect on the resonant frequency of ihe circuit by : 

(a) doubling the inductance, ( b ) halving the capacitance, (c) doubling the 

capacitance and halving the inductance. 

4 . Show by drawing several resonance curves on the same axis, the effect 
of increasing the resistance of a series resonant circuit. What is the effect 
of increasing resistance on the maximum current through the circuit . 

3. What is effect on impedance of tuning a parallel circuit to resonance ? 

6. How can a parallel resonance circuit be used to reject a radio-signal ? 

7. State similarities and differences between series and parallel resonance. 

8. What is the resonant frequency of a circuit containing an inductance of 6 

henrys and a capacitance of 9 \lF1 

9. What value of inductance when placed in series with a 20j lF condenser will 
produce resonance at a frequency of 50 cycles per second ? 

10. What value of capacitance when placed in series with an inductance of 

40g ff, will resonate to a frequency of 2000 kc ? 

A high Q parallel resonant circuit is being used as a receiver tuning cir- 
cuit. A variable capacitor with a minimum capacitance of 20n7 r , and a 
maximum capacitance of 350 miF, is used to adjust the resonance frequ- 
ency. (a) What value of fixed inductance should be used to make 530 kc 
the lowest obtainable resonance frequency ? (b) Using the value of induc- 
tance obtained in part (a), what will be the frequency range of the circuit ? 
12. In a series RLC circuit, the impressed e. m. f.«=440V, L=5 mH. As the 
operating frequency is varied, the maximum current is found to be 5 amp. 


11 . 


40 


13. 


14. 


35. 
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and with this current, the voltage drop across L exceeds that across R by 

a factor of 10. What Is the resonant frequency of the circuit ? 

Two identical inductors, each having an effective resistance of 10 ohms 

and a Oof 18-72 at an operating frequency of 1000 cycles, have a coeffi 

cient of coupling of 0 2 between them. What is the value of the mutual 
impedance ? 

A coil of inductances mH and resistance 50 ohms is joined in parallel 
with a capacitor of 500(i(iF. These two together are joined in series 

with anon-inductive resistor of 50,000 ohms to a source of alternating 

p. d. of magnitude 1 V. and frequency 100 kc/s. Calculate the p d bet- 
ween the terminals of the capacitor. 

An alternating voltage of 100 V (r. m s) at 50 cycles/sec. is applied to a 
circuit consisting of a capacitor of 7^F in parallel with a coil having an 
inductance of 5H and a resistance of 100 ohms. What will the amplitude 
and phase of the current through the inductor and the amplitude and 

phase of tfc e current taken from the mains ? 

A circuit consist of a resistance R in parallel with a coil having an indu- 
ctance L and resistance r; in series with the combination is a capacitance 

C-IfZ-mmV'ZTT VOl H a ? “ applied .o the circuit in which 
c — I/*, L — 0 08 H y r=*00l ohms and R= 250 ohms. 

If the current in the inductive resistance is 10 mA when the angular fre- 

r^lr'S"- 5000 rad, ’“- *» — "ct 

(a) the current in R, 

the total current supplied, 

the total power dissipated in the circuit and 
(d) the voltage applied across the circuit. 


(*>) 

(c) 


3 


FOUR TERMINAL NETWORKS 

AND 

NETWORK THEOREMS 



3 0. FOUR TERMINAL NETWORKS : 

A four terminal network is provided with two pairs of termi- 
nals one of which, for reference, is termed as input while other as 
output. The associated electrical quantities at the two pairs of 
terminals are the voltages E 1 and E 2 , and the currents / x and / 2 . 
Their reference direction is shown in fig. (1). With the change of 
these pairs, signs of some of the associated terms are changed. 


At any frequency, the 
properties of a four termi- 
nal network can be expres- 
sed in terms of any three 
independent propei ties of 
the network. These inde- 
pendent constants can be 
defined as : 



IfiPUT OUTPUT 


Fig . 


( i ) image impedances and image transfer constant. 

(ii) open and short circuited impedances, and 

(Hi) iterative impedances and iterative transfer constant. 

We shall deal with all these constants in further articles. 


Let Z n be the impedance between the input terminals without 
any consideration to output terminals effect then : 


Z u =fi, when /„= 0 i.e., terminals 2-2 are open circuited, 
u 

Similarly, the impedance Z 22 between output terminals will be 


z 22 =3, when /j= 0 i.e., terminals 1-1 are open circuited. 

*2 

But if we consider a sort of coupling between input and ou*- 
put, which of course is the case, then one should think about 
rauoial impedances or transfer impedances too i.e., 



when / x = 0 called the transfer impedance with 1-1 

open circuited. 
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and Z 


E 


21 


Thus 


and 


or 


j-, when / 2 =0 called the transfer impedance with 2-2 

open-circuited. 

the voltage and current relations can be put in the form 

Z\xl\-\-Z^<J 2 — E x 

^2lA + ^22^2 = J ^2' 

Expressing in matrix form, 

2 " 

it is quite easy to see that 

Zn 

z*r 




X 


called Z matrix 
called K-matrix 
called /i-matrix. 


A,, — 


An — Z.2 ~ 


Z-jo X Z j j 


21 


Z 21 

= and A 22 =^-\ 

^21 Z21 

Image Parameters- If internal impedance Z„ of generators 
between input terminals is lelated to the load impedance Z L bet- 
ween output terminals such that the impedance looking into the 
network from terminals 1-1 with the load connected equal to the 

generator impedance, and similarly the impedance looking into 

ErLVr te TJ nal l ~ 2 With the generator connected equals 
the load impedance, then the network is said to be operated under 

image-impedance conditions. The generator and load impedance 

termed as image .mpedances, which in this" case can be desired 

fig Z (2).~ Zs dZ,2(=Zt) f ° r the in P u t terminals respectively 



z '" ^ «* irt 


Four Terminal Network and Network Theorems 


43 



To find a relation in image and linear parameters, we proceed 

as follows : 

Let the output terminals be 
terminated in Zi 2 fig. (3). Then 

E 2 =Zi j I 2 , 

E\=Zjx / 15 

We know that 

A n 1 {E ' 1 Fig ' 3 ' 

. A n A n J \ h 

l.e.f A X \E 2 -\-A\ 2 I 2 —Ei, 

A n E t + A 22 I 2 —1 X . 

Putting value of E z and E x in (1) and (2), we get 

Z/i /i=(^nZ; 2 + i4 12 ) / 2 

and 1\—{A 2iZ; a -)-/4 23 ) 7j. 

Dividing both. 






A liZ; 2 -f- A 1 2 

A 2 iZi 2 -\- A 22 


..( 1 ) 

•( 2 ) 


..(3) 



Fig. 4, 

Let the terminals 1-1 be terminated in Zi u fig. (4), then 

£i'=Z ;i //, 

E s '=Z, a V 2 '. 

We know that 





An 

/4 21 ^*22 

l-e., A n E 2 A 12 I 2 ~E x 

and A^’-A^l'^-I,' 

Putting value of E x and E 2 in above equation, we get 

Z n lx ~ A xx Zi 2 I 2 A^ 2 l 2 

and -/,' = /* 

Dividing both, 

A\ iZ/g A 




AnZ /2 +A n 
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or 


AioA 


12^22 


or 


Therefore from equations (3) and (6), we get 

A\\Z j i 4 " Aj2 AiiZjj — A 

AhZi 2 -\-A 22 AiiZii-\-A2i 

^X\A%\Z i i2~\- A 2l A 22 Z ; 2 + A 12 A 22 — Aj 2 A 2 iZ/ 2 

= A 11 A2iZj 3 a — A 12 A 21 Zj 2 -{-AilAilZl^' 

A\\A»-)Z — A-ftA jj 

_Ai2 A 2 2 
A si A u 

Similarly it can be found from equations (3) or (4) that 

•^12^11 


Z/j 


...(7) 


Z,.* 


Ai i A 


?l^*22 


...( 8 ) 

Image transfer constant 7 : This constant, along with two 

image impedance Zi x and Z completely specifies the performance 

of a network. This is defined as one half the natural logarithm of 

the complex ratio of the steady state volt amperes entering and 

leaving the network then the network is terminated in its impe- 
dance, i.e., F 

y=ilog a &( 1 or 


EJ. 


2 A 2 £2/2 

Putting values of E x and I 2 from equations (1) and (2), we get 
e 2v ^_ (A n E 2 + A l2 I 2 )(A n E 2 + A 22 E) 

E 2 h 

Putting £. 2 =Z, a ./ 2 (since it is teiminated in its image impe- 
dance) in above expression, we get v 

c 'xy— (A uZ, 2 I 2 +A n I 2 )(A 21 Zi t I 2 +A 22 I a ) 

z^v 

“t^u+^u/Z/a) (^42iZ/ a -|-y4 22 ). 

But we have shown that 


Z 


__a 12 A 22 

A ^ A * 
^21 ^11 


11 


Hence e* Y = 


/. e 


=VW„A.)+VU,A)" M,,){V( ' <!1 ‘ <i * )+v ' ( - 4 '‘' 4 * 1 )) 


Also c - ’’ 


1 


or 


But 


% * 


V(^ n^ 22 ) + \/M 1 2 /l 2 , t 
■^11^22 — Aj 2 A 2j 

^11^22— A x2 A U = \, 

e = V(A U A 2t )—y/(A lt j) 
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Therefore si ah y 


e v 


\/(Ai 2 A 21 ), "j 


cosh y — — = — — 'n/( / 4ii'^22)> ^ 


V( 


— Vfcfc) -I 

The expression for tanh 7 and image impedances can also be 
obtained in terms of open or short circuit driving-point impedances 
at each pair of terminals. 

Let Z 01 = Input impedance at end 1 with terminals at end 2 

open circuited. 

Z( j 2 =Input impedance at end 2 with the terminals at 
end 1 open-circuited. 

Z n =Input impedance at end 1 with terminals at end 2 
short circuited 

Z, 2 = Input impedance at end 2 with the terminals at 
end 1 short-circuited. 

We have seen that 

E\ — A u £"2 “1” 

I y — A 2 iE 2 ~\- A 22 f 2 - 

Now when end 2 is open, I 2 = 0. 

. 7 dll 

•* Z ° x f ~A Z1 ' 

and when end 1 is open, ^=0, 


Z, 


• 7 — ^2 _ dl? 

Also when end 2 is shorted, E 2 =0, 

7 E x A 12 

. — A » 

1 1 ^22 

and when end 1 is shorted, £j=0, 

. y Eo di? 

*• Z,1 “I-/2)“^U 

The expressions for image impedances 


Zii 


and 


Z„* 


Also 


tanh* y 


dy^ dl? 

A 2l A 22 

: Z 01 x Z,i 
A 22 dl? 

An A u 
: Z 0 2 X Zf 2 

■^12 _ A 2 i 
■j- X -j-- 

^22 An 

dl? v — 
A u 


...( 10 ) 


Zn 

Z 01 

Zg2 

Z 08 
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It is now quite simple to express every ‘ A ’ parameter in terms 
of two image impedances Z; x and Z; 2 , and the image, transfer 
constant y as discussed below : 

We have shown previously, v 

sinh 2 y=A 12 A 21 , cosh 2 y=A u A zt 


and 


Z/, .Zi 


/ ( dll i 1 l 2 \ / / dll dll 

V W Aj • V Ui' A u 


du 

A21 


Hence 


Z/i ^11 

Z/, /ioa 

^uM'MJx^-cosh* yf- s 

^22 ^/1 


or 


a4n=cosh y 


V(l) 


and 


x ? =cosh 2 y 

~/i 


or 


y4 22 =cosh y ^ | 


Z/ 2 

Z/x 


and 


Similarly, ^ 12 2 =M 12 4 1 ]x^- 2 =sinh 2 r xZ u Z/ 2 

■"21 

/ ^ 1 2 = sinh y V(Z/! Z , 2 ) 

^ _ sinh y 

V(Z,! z, 2 )‘ 

Thus ‘A' matrix of the network can be written as 




H 

22 J 


H r (ti) 

l sinh y 

\ V(Zll Z; j) 

Now for an example, 
we shall calculate the image 
impedance and image transfer 
constant y of L-section as 
shown in figure (5) . 

It is obvious that 

Zoi=$Z 1 +2Z 1 , 

Z n =iZ u 

Z, 1 = V( Z&+IZS) 

Z 0i ~2Z 2 , 

y _^Z x X 2 Zj 

,2_ iz 1 +2z: 


00811 y (§ 7 2 ) S ‘ nh Zj 2> 


cosh y 


/(!:) 


Fig. 5. 


- 01 ) 


r 1 

1 z, r 

— 1 — 

|2ZJ 

»-■ ■ ■■ 1 


1 
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Z/ 2 — v” (Z os X Z 32 ) 


and 


tanh 2 y = n 



Z 2 Z 2 


V^Zg+iZ! 2 ) 



iZ 1 +2Z, 


or 


or 


coth 2 y= 14 - 
cosh 2 y _ 4Z 2 


4Z 2 

Zx 


sinh 2 y * Z x 
1 4Z 2 


sinh 2 y Zj 


• « 


sinh 2 


Zi 


4Z 


or 


cosh 2 y= 14-2 sinh 2 V= 1 4- 


27= cos h - 


Zx 

2Z 



y=£ cosh -1 ^14- 



Since cosh -1 

y=i log 


2Z 2 

1)], we can have 


log [x4-V(* 2 

[( i+ 2it)+y{( i+z 


i log 





4- 




L5 2Z 2 / 1 «/ |Z 2 + V2Z 2 J j J’ -(12) 

Iterative Parameters : If the load impedance be such that the 
input impedance of the network with load connected is equal to 
the load impedance and also the impedance observed by looking 
into the network from the output terminals towards the generator 
with the internal impedance of the generator connected across the 
input terminals of the network equals the generator impedance, 
then the network is said to be operating under iterative impedance 
basis. These two impedance are designated as Z lK and Z 2 r res- 
pectively and are the properties ot network. 

Thus the iterative impe- 
dance of a network is that impe- 
dance which, when connected to 
one pair of terminals produces 
a like impedance at the other 
pair of terminals. 

Let the second pair be ter- 
minated in Z x k. The impedance 
at 1 is Z x z provided it is the 
iterative impedance there. Now 



Fig, 6. 


Z, I =Z,+ Z j i X + ( g+ -|^ ) (f»°mfle. 6.) 
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or Z 1 kZ 2 -\-Z 1 kZ 3 -\-ZIk=Z 1 Z 3 -\-Z 1 Z 3 -\-Z 1 Z 1 k+Z 3 Z 3 -{-Z 3 Z 1 k 

or Z\k-\-Z x k (Z 2 -Z 1 )-(Z 1 Z 2 +Z t Z 3 +Z 3 Z 1 )=0, 

which is a quadratic equation in Z x g and therefore the roots of the 

equation are 

Z lK J-^f^±Wl(Z 2 -Z i y + 4 (ZxZs+ZaZa+Z.Z,)]. ...(13) 

Now to calculate Z 2 k, let the terminal 1 be terminated in Z 2 * 
and the impedance at 2 is Z 2 K , provided it is iterative impedance 
there. Therefore 

y 'r c Z 3 ( Z 2 -\-Z 3 K ) 

A. 2 K = 


Z2+ z 1 +z 3 +z 2 ^ 

Solving and arranging in quadratic for 

{Zl ~ Z ) ±W [(Z, - Z,)* + 4 (ZA + Z 2 Z 3 + Z 3 Zj )]. 


Z 2 k, we get 


Z 2 k— — - • ±iV[(Z2- Z 1 ) 2 +4 (Z 1 Z 2 +Z 2 Z 3 +Z 3 Z 1 )]. •••(14) 

Equations (13) and (14) for iterative impedances show that 
there are two values for each iterative impedance but practically 
there may be only one value. 

The third property necessary to specify completely the net- 
work characteristic is iterative transfer constant p and is defined 
by the equation 


h 

h 


e~P, 


where I 2 and l x are the input and output currents of the network 
respectively, when operated under iterative conditions. Iterative 
transfer constant is the same for either direction of transmission. 

For L section (fig. 7), the 
iterative transfer constant is 
given by the relation 

J_\ Zb+Zjjc 

I 3 Zb 


e p 


1 + 


Ziir 

Zb 


...(15) 



Fig. 7. 


31. IMPEDANCE MATCHING : 

Two impedances are said to be matched when thev have the 

same magnitude and the same phase angle. For example, in fie 8 

load impedance Z L is said to be matched to the generator imnr 
dance Z„ if both possess the same magnitude and same phase angle" 
However, if Z L and Z g * 

are not matched then to 
secure matching, a net- 
work having Z ll =Z 0 and (rxn 7 
Zi<i=Zl but with zero 
attenuation, is inserted 

between generator and 



IMPEDANCE 
MATCHING 
NET WORK 



Fig. 8. 
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load. Due to this insertion, generator sees a load impedance 
Z; t —Z, and load takes power from a source of internal impedance 
Zi, =Zl, l e. matching is on image impedance basis. The ratio 

load current without matching 
load current with matching 

is termed as mismatching factor, reflection or transition factor and 
is denoted by k. Mismatching results in the loss of load current. 

In decibels, it can be expressed as : 

mismatching in db = 2 0 logi 0 (1 Ik). 

Matching, when the generator impedance is resistive, leads to 
the condition at which the power delivered by the generator to the 
load is maximum while mismatching to the loss of load power. 
Under certain conditions, when the generator impedance has re- 
active component, mismatching results in an increase in the load 

current. 

3-2. INSERTION LOSS : 

When a network is inserted between generator impedance and 
load impedance, loss in output current is resulted. Thus this loss 
is expressed as the ratio of current in the load impedance when 
the network is present to the load current in the absence of net- 
work. This is called insertion loss. We shall obtain an expression 
for this loss. 

Let us consider a four terminal network connected between a 


3 . 


Fig. 9. 

load impedance Z t and a generator of voltage e and internal 
impedance Z„ connected at the input terminals. 

Matrix expressing relation in output and input electrical quan- 
tities 

ei-iz twtt 

Here E x =e—l\ Z„ 

Ei = I iZl. 

Our aim is to calculate the insertion loss, i.e., the ratio It\J ^ , 
where /, is the current when network is present while h' is the 
current when network is absent. It is obvious that when network is 
absent, the total impedance of the circuit is (Z ¥ +Z/.) and voltage 
e, hence 
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Th J Zg-{-Z L 

impedance 7 r 7 “♦ D0W , t0 caIcula te h in terms of image 

P From matnX*’ gC $fer C0Dstant Z ° and Z L . 

A = -^ 2 ]F 2 + -^ 22^2 

after subtraction the value of it,. 2 ^ *’ 

or d F,=A 1 E,+^ 1 / 2 =. c -/ 1 Z, 

(A7 Z \ ‘ + . A 12h= e ~ l X Z„ 

Now putting the vaYue^Jf /“ a ~ e_/ i Z «* 

(4 u Z l +A,,) h=e-(A 21 Z L +A 22 ) I 2 Z g . 

A C 


• t 


/„ 


«rr L 2 ** ~ * i 

. We snail substitute the valnp* nf « . 

ima The a ‘72 e y S and **** transfer con1tant r r eterS ” tCrmS ° f 




cosh y 



sinh yv(Z tl . Z /t ) 


sinh y 


h 


Substituting the values of^ 




u. A 12 , A 2l , A 22t we get 

Zu ' 


J 


° r r V(Z h Zi t ) 


Jiz,] )+ z o coshy 

sinh y 



y/<Z h Zi % ) 


2 


>nh y[Z/ l Z/ 8 +z i Z ff ] +cosh y £ Z Zr4-Z Z 1 

Putting sinh y.tzT ^ ^ 

„ T — » cosh y= + 

2 £VL^ Z/, ) 2 

=(^_ e - y) [z 

^ [Z '* [z 'l 


^[Z, x +Z a ] [Z; 2 +Zjr,] — e -y (Zi 


A Z»] [Z 7 -Z L ] 


[Z f> + Z L ] |i , c8y Z ^z, Zf _ Zf , 
Putting o. - Z 'j ~Z 0 Z i 1+Ze Z/ a+ Z i J 

2 „ * * ^T+Z. and 

Z, % ) Z, t +Zl 


* t2 '‘ », +2a n 


e ~ 2y pip^. 


\ 
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It 


«V(4Z, X Zn ) 


e*\Z tl + Zg\ [Z i t +Zt] 


Multiplying numerator and denominator by \/(4 Z g Zl ) 
(Zg+Zi) and putting in suitable form, we get 

L-- e 


and 


Zg + Zr, V (4Z g Z/ 1 ) \/(4ZlZi 2 ) 

X / ✓ A rr \ X ry I X 


Z,+ZS V(4ZgZi) 


Z\, +z, 


(Z, +Zx.) 

Xe- 7 1 


Putting k 


V(4Zg Zt) 



*. 


(l- e - y P lP2 ) 
V(4ZgZ ;i ) 




z 7l +Zz/ 


, \/(4Zf s Zi) , 

A: 2 =-^A and a 

Z;„ +Zt 


1 


9 • 


I. 


(l-e 2y PiP 2 ) 
k\ko 


X 


or 


/ 2 

/ 2 

/o' 


Z, + Z* A: 

r t k x k 2 _ y ^ 


X e 


-y 


k x k 

k 


k 


-.e y .a. 


Let y=a+;P*, 


therefore 




k x I x I k 


I fc 


2 -.e -v I cr |. 


...d) 


Insertion loss in decibels=20 log 10 


20 log x0 


1 

k 


+ 20 logi„ 


1 
k x 


In 


+20 log 10 


1 


k 


+ 8'686a+20 logio 


1 


20 log ia 



+20 log 10 | 
+ 20 log l0 


V(4ZgZx,) 

I Zl, +z L 


+ 20 log 


10 


Zi. +Zg 


V(4Z/ l Zg) 


1 


V(4Z fl Z L ) 

Zg- Zl, 


+ attenuation loss in dtcibels 


-y 


Zr — Z 


i 


• Zg+Z/j • z t +z, 2 

In equation (1), 

A: is called external reflection factor between Zg and Zl, 

k\ is input reflection factor between Z, x and Zl, 

^2 is output reflection factor between Zr 2 and Zl, 

Pi is the reflection coefficient at input, 

P 2 is the reflection coefficient at output, 

® ,s called the interaction factor. 

^>th these equations (1) and (2) represent the insertion loss. 

Y—<*+jl 3 where a is called attenuation constant and /3 phase constant. 


...( 2 ) 
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Since R x 


Example. Design a network to match a 500 ohms generator to 
a 200 ohms load with the minimum loss. Calculate the loss. 

&ust be greater than R 2 , take , 

^=500 ohms, 
r 2 = 200 ohms. 

Therefore, 

Z a =V{*i (Hi— i? 2 )}<rV(50 0x300)=387 ohms, 

= M?_ 500x300 

Za ~ 

Ri 

h 2 ‘ 


z 


387 
500 


258 ohms. 


Now 


[LoSS]/n<„ 


-200 
2 R±_ 

~ h 2 

=2x 2-5- l+V{2-5 (2*5-1)} 
=5-l + 2V(3*75) 
=4+2.1-93=4+3-66 

=786. 

Loss in decibels 
= 10 log 10 [Loss] m/ „ 

= 10 log 10 7-86 
= 10 x- 8954=8-954. 

Network is shown in 
figure (10). 


3-3. 


2-5 


V{ 


1 




200 SI 


Fig. 10. 


SUPERPOSITION THEOREM : 

In linear network containing impedances and energy 
sources, the current flowing in any element is the vec tor sum of the 

Energy' source ^ 5epbrately caused t0 f 1 ™ in that element by each 




m 

Pig. 11 (a) Two mesh 11 (h\ Tu/n ^ 

network whe F . etW0r | c 11 (c) Two mesh netwc 

Cornier ♦ , 3 ,S rCmOVed w hen E x is remoi 

dances Z x . Z 2 and^/as^slmwn^fi E \ ? nd E * and three imp 
two mesh currents then the mesh equata scau be wkuen 'it " 


f-7 1 l r'Sl /l + Zs 7 * 

- z 3 / X +(Z 2 +Z a ) 1, 

From equation (2), we have 


...I 


H 2 -(Z 2 +Z,) / 2 =z 3 f 


or 


h 


(Z a + Z 8 ) / 2 

z 8 z 
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Substituting the value of I x in equation (1), we have 

t-r I rr \ 1^2 (Z 2 + Z 3 > r 1 , -7 r 


») ' 


+ Z 3 /a 


^(Zi+Z.) [g— / 2 j + Z 3 / 2 

_ (Zx+Z 3 ) £, (Zi + Z 3 )(Z 2 + Za) -'a 1 z , 

Z 8 Z 3 + Za /a 

z 3 ) £2 (Z X Z 2 + Z 2 Z 3 + Z]Z 3 ) / 2 

z 8 z, 

J ^ z 3 , ^ (Z x +Z,) £ 2 

ZiZ I +Z 2 Z,+Z J Z a Z]Z 2 -f-Z 2 Z 3 +Z 1 Z3 ...(a) 

Substituting the value of I 2 in equation (1), and solving it we 
get the value of l x which is given as 

I (Z 2 -\-Z 2 ) Ei Z 3 £*2 

Z X Z 2 Z 2 Z 3 ~ t~ Z X Z 3 Z 3 Z 2 -j- Z 2 Z 3 -j- Z X Z S •••(b) 

Now considering the circuit of fig. 11 (b), we have the mesh 
equotions 

^i == (^i + Z 3 ) A' + ZaV •••(3) 

0 =Z 3 /|' + (Z 2 +Zs) V. ...(4) 

Solving equations (3) and (4) we have 

T I Z3 £] 

2 (Z 3 Z 2 -f- Z 2 Z 3 Z X Z 3 ) -••(c) 

r / (Z 2 + Z 3 ) £x 


•••(3) 

...(4) 


V 


-(c) 


/x' 


(Z]Z 2 +Z 2 Z 3 -f Z t Z 3 )’ 


-(d) 


Referring to circuit of fig. 1 1 (c), the mesh equations are 


0=(Z 1 +Z 3 ) V+Zs h" 

E 2 =Z 3 Ii -\-{Z 2 -\-Z s ) V 

Solving these equations, we have 

. » (Z x ~l-Z 3 ) E 2 

2 AZ. + Z^+ZxZa 

j • ~~ Z3E2 

M — -7 V 1 7 7 J_7 -7- 


- (5) 

...( 6 ) 


...(e) 

-(f) 


Z 1 Z 2 +Z 2 Z 8 +Z 1 Z 3 —(f) 

From equations ta), (b), (c), (d), (e), and (f), we have 

/i=//+V 

an d / 2 =/ 2 '+/ 2 ' 

This proves the theorem. Now we shall prove this theorem in 
case of a number of meshes. 


0 

1 

1C 



General Case : 

In any linear network containing linear impedances and several 
sources 9 the voltage across or the current through any impedance may 
calculated by adding algebraically all the individual voltages or 
currents caused by each source acting alone . with all other voltage 
sources replaced by short circuits and all other current sources repla- 
ced by open circuits. 
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By the term, 'linear network* we mean that current in all 
branches is directly proportional to the driving voltage or e. m f. 

’^Consider a linear network containing p-meshes with voltage 
sources E n , E 22 , E pp and impedances Z v , Z 22 ...Z Vp in 1 st, II nd,... 
pth mesh respectively. The voltage law equations can be written 

as : 

for first mesh : 

Zu /i-t-Zia/a+Zij/j-h ••• Rynlm~{' ."-\-ZipIj, Exit 

where Z u is the self impedance for first mesh and Z 12 is the mutual 
impedance of meshes first and second. Similarly, the voltage law 
equations for rest meshes can be written as 

Z’aJ\'^~Z 22 I 2 -\-Z 2 ^lz-\r ...“h Z 2m l m -\- ... -\-Z 2V I p — 2?28 

Z 31 / 1 + Z3 2 /2^^38^3"H • • • 4" Z 8 fn /|f|-|- . . « -f* Z 3J } Ip = £i 


« •• * 


Zpi Z^/j •••*4“ Zpp/p — Epp 

The above voltage law equations can be easily solved with the 
help of famous Cramer’s rulb. Let I m be the loop current flowing 
in mesh m, then I m can be calculated by Cramer’s rule as follows : 

Z n Z 12 - *«£u Z^p * 

Z21 Z02 •• £*22 Z< 


/ 


'2P 


Zpj 21 p 2 * • • Eni) • • • 2* 


PP 


vv 




where, 


z u z 


12 


...z 


Zoi z 


21 ^22 


*^ 1 P 

Z 2 m -.Z< 


• « 


2 P 


Zj?i Zp 2 

C’«n =: (- 


• • • ••• ••• 


• Zp m Zpp 
|y»+n Jtftnn 

M mn is the determinant which is left by removing m** and n** 
column from d and d is the pure impedance determinant 

^11 ^ 22 -**^lm + Z 1P 

z 21 Z 2 2 . • ‘Z^m . . .Z. 


d 


2P 


Zpj Zp 2 * • *Zf)m. . .Z^ 


Pm 


| r '* *•“ — **"• PP 

j ^lm £'li+ C 2m £22 4“ • • • “t~ C7 


) 


C xm E n -4~ C*2m ^22 “ 4 “ ••• +Cp m £ pP 

d 


>1 


So 




or 


d 


£ 


Pm t-'p'p 


Im ci En -j- b E 22 +c £33 -f- 


wherc 


^im 

d 


and so on 


d 


• .*• ^ US / mis the total loo P cu rrent flowing in #n» mesh due to 
proved*^ C “ rren,S a " 4 h '”“ the •“Position ' torem ha? ton 


. • 1 *i n s ^ori circuiting the voltage sources their intom^i ; . 

should be taken imo account. * lDeir ,ntern al impedance 
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Advantages : 

(1) This theorem permits the solution of networks without 
setting up a large number of simultaneous equations because at a 
time one generator is used. 

(2) If the new generators are introduced into the system, it 
is not necessary to solve the network from begining provided the 
internal impedances of the generators are zero. 

(3) If voltage of different frequencies are introduced, this 
theorem permits a solution to be obtained for each individual 
frequency. As these solutions are independent of each other, the 
currents of each frequency flow as if the other frequencies were 
absent. 

Problem 1 : Use the superposition theorem to find the current 
i z in branch cd in the following circuit. 

According to the superposition theorem first we shall calculate 
the current due to voltage source 10F by short circuiting the 5V 


source, then branches 
cd and ce will be para- 
llel to each other and 
in series with ac 
branch; so total resis- 
tance is given as 

*r,=2+ lx3 


a 



2S\ 


\0V 


to 



lx 


mm 

3-Ti 


e 


1 + 3 

2+ 3 -=H 

M 4 


b 


ifl 


ot 




ohms. 



/ 


Fig. 12. 

So the current generated by 10 V source is 

10 40 

/, = — T - r7 =— amp. 


Henee 




11/4 
11 4 


11 

_30 

11 


amp 


Now we shall calculate the current due to 5 V source by short 

circuiting 10K source. ,, , . , . „ 

We see that branches cd and ac are parallel with each other 

and are in series with ce branch. 


So, 


Rt*— 3 + 


2x1 


3 + 


2 


n 

3 


2+1 ' ' 3 

So the current generated by 5 V source is 

5 __15 

11/3 11 

10 
11 


CL' 




Hence 


lx 


— x| 

11 3 


So 


U=ix. J rix t 


30 , 10_40 

rr ii ii 


3 64 amp. 
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Problem 2. Use the superposition theorem to find the current 
i z in branch ce in the following circuit. 

The same procedure 
will be adopted here for 
calculating i x as we have 
applied in first problem 
with a difference that 
here we open circuit the 
current sources. 

First open circuit 

10 amp. source, then b d f K 

branches ce and ef will Fjg 13 

be in series with each other and in parallel with branch cd. 
current 5 amp. will be divided at node c in cd and at e in 
branches. Applying the current division law at c, we have 

. . _ 5x2 _10 

1 2+1+3 6~ 

, __io 

* * Xl ~ 6 

Now open circuit 5 amp. source and calculate current ix due 
to 10 amp. source. We apply the current division law at e we have 

. _ 10x3 _30 
** * 2+1+3 6 • 


So 

ef 


So 

Problen 
shown in figure 14. 


/»=/*!+ i x t 


10 30 
6 + 6 


3-33 


amp 


3. Calculate the current in branch be for the network 

'A 1 /f 


Eg) =M>I. r £ 

Zg/=t+JS 



wo examples < but, t h^t 1 ^ver, a the 1 rnethod I of^ : alc > ulatTne 1 t[i I * 1e ab ° Ve 

branches cb and ba will be ii series vrithS E VU° accoUnt - So 
with cd branch, hence, S Wlth each other and parallel 

, = ( 2 + j4\ 

E-eba+Zcb 2 + 2 +_/4 


Z 
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oa 


So 


50 /. 0° 

4-5— ;2*5 


— 1*5-4- y’0*5 ohms. 

Z ea —Zf^-\-Z oa = 1 +p + 2 — _/ 8 — J— 1 * 5 — f- _/’ 0 * 5 

=4‘5— j2’5 ohms. 

c 50 /_ 0° 50 (cos 30+y sin 30) 

0 ee_ 4-5-y2-5 == 4*5— y 2 *5 

= 5+j8'34 amperes. 

So current in branch due to E oz is given as 

_ I ee Z ea _ (5+y8~34) (i-5+yo-5) 

cbl z c ba i +y 3 -i - 1 — y 3 

(5+J8-34) (1 5+yO~3) 

“ 2 

I ebi =l-6b+y7* 50 amperes. 

Now assume E n o — 0 


/ l 

Cb 1 


Ic bl = 1*6 

Now assume Zr ff 2 — 0 

rr Zcef Z cci 


z, 

z 


So I be ~~~ I bc\ ~\~Ibc 2 Ibe i 1 I be 2 

= — 1-76— y7-50-i- 17 -43— yi-417 
/ 6c *= 15-77— ./8-917 amps. 

3 4. RECIPROCITY THEOREM : 

In any passive linear bilateral network containing bilateral linear 
impedances and sources of e.m.f. the ratio of a voltage E introduced 
in one mesh to the current I in any other mesh is the same as the 
ratio obtained if the positions of E and I are interchanged, other 
e.m. fs. being removed. 

In other words , the interchange of an ideal current source and 
an ideal voltage source in passive linear bilateral circuit will not 
change the voltmeter and ammeter readings. 

Or 

In any linear network , if a source of e.m.f. E located in one 
mesh produces a current / 2 in second mesh , then if the same source 
E is placed in the second mesh and it produces a current If in first 
mesh, we have — If. 


Zceff Z e d (3 JJ~\ 

bf=Z a bc J rZ e t— 1 +j3 + 1 
= 5 - 69+y0 , 462 ohms. 

100 f_0° 100 1 

~ o oy+y0*462 ~ 5-i 

iQQ+yo 

~5‘69-t-y0462 

l be’ === 'Ibe\ ~\~Ibc 2 I be 1 4 


'O ' 462 ° hms - 


y3 + 3-69-W0-462 


100 (cos 0 + sin 0) 

5* 69 H- y0 462 

1 7 • 43 — y 1 417 amps. 


*Lf it is asked to write / in terras of angle we can write as 


V[(l5-77) 2 + 8 917) 2 ] tan 


-8917 

15-77 
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By the term passive network we mean, the networks which do 
not contain any internal e. m. fs. whereas network containing 
sources of e.m.fs. are called active networks. Bilateral elements are 
those circuit elements like inductance, resistance, and capacitance 
which transmit current equally well in either direction whereas 
unilateral elements are those circuit elements like rectifiers and 
vacuum tubes which transmit effectively only in one direction. 

Consider the circuit shown in fig. 1 5. 

E 

Let us calculate the value of — with the 

. *2 

help of Kirchoffs law. 

Applying this law we have 

£=(Z 1+ Z 3 ) I x -Z,h ...(1) 

0 =_ Z 3 A+(Z 2 -f Z 8 ) / 2 . .,.(2) 

Solving the equations (1) and (2), we get 

Zi+Z 3 E 

-Z, 0 



Fig. 15. 


I 


• • 


E_ 

A 


Z x +Z 8 -z a 

Z 3 Z 2 +Z 8 

Z E 

Z3 


Now let the position of the battery 
be changed and the circuit be as shown 
in figure 16. Applying Kirchoff’s law 


• « 


00 


we have 


■•(3) 


£=(Z 2 +Z 3 ) 7 2 '-Z 3 / 1 ' 

0=-Z 3 / j '+(Z 1 +Z 3 ) h 

Solving equations (3) and (4), we get 

(Za+Z 3 ) E 

_ . ~Z 8 Q 

(Za+Zg) ^-Zf~ 
“Za (Z 1+ Z s ) 

Z 3 E 





• • 


E 

A' 


(Z,+Z.) 

z.z.+z.z.+z.z, Z > z -+ z >z.+z 1 z, 

z; 


Ai the right hand side’o f equations ••■<*) 

£ i 08 (a) and <*) equal, hence 


/. 


E 

A" 
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This proves the reciprocity theorem. Now we shall consider 
the general case. 

General Case : 

Consider a linear network containing p meshes with voltage 
sources E n , E 2i ...E pP and impedances Z n , Z 22 ...Z„ P in 1st, llnd, 
pth mesh respectively. The voltage law can be written as : 

For 1st mesh Z u / 1 +Z 12 / 2 + ...+Z lx / :E +... +Z lp I p =E n 

For llnd mesh Z 21 / 1 +Z 2 2 / 2 +--- -\-Z 2x I x -\- ...+Z 2p I p ~E 22 


0 • 


For x mesh 




2T XX I x “f* • • • “H - 'Ex P x p 




X* 


• * 


• • 


E 


For p mesh Z J , 1 / 1 +Z P 2 / 2 + +Z px / x 4 -...+Z vv^v — ^ pv 

The above set of equations can be solved with the help of 
Cramer’s rule and the current I x flowing in x mesh can be given as 


/.-% £„+ C “ 


. a + “f ^33+-- + ” 


XX ^ XX 


“+-••• + 


c 


px 


E 


vv 


where C mn and A are the same as stated in superposition theorem. 

Now let all emfs except the emf E mm in the n th mesh, are zero 
and due to this E mm the current /„ flowing in n th mesh is given by 


l 


Cifi ^ . Con ~ . Cmn n , . Cpn 


L*0 + -fO+...+ 

A A 

Cmn 


E m m + -•• + 


aJ 


0. 






E 


mm • 


• ••(5) 


Now let all emfs except the emf E wm in the n th mesh, are zero 
and due to this E nn the current I m flowing in m th mesh is given by 


/ 


C 


m 


f n+^o + .-.+S 


nm 


E nn ■+-••• 4- 


c 


pm 


A 


0 


Cfim 


• • 


m 


A 


E 


nn* 


It is obvious that sources are same 
i.€> Ernm ^ E nfi — E^ 

c 

and Cnm 

Clearly C mn 


...( 6 ) 


...(7) 


M 


nffJ 


.. ( 8 ) 


= (-l) m+n M mn 

= (_l)n+m Mnm- 

=C nm since Af m »= 

Now applying equations (7) and (8) to equations (5) and (6), 

we have 7 m =/„=/. 

Emm E nn E 

I n Im ^ ’ 

Problem 1. Given the network shown in fig. (17) prove that if 
100 voits are inserted in be and branch ef is left closed, the current 
flowing in ef will then be exactly the same as the current that flowed 
in be when this same voltage was applied at ef. 


Hence 
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Let us first calculate the current in branch be due to E a 
inserted in ef branch. We find 

Z a be Zqj (3+74) ( — ;10) 


100/. u 


z 




Zabc+Z ad 3+/4-7IO 


6*67+73*33 ohms. 


?n 


£ 9 ^m[o 



Fig. 17 

— Zea + Z ae = 2 — j 2 + 6 *67 +73*33 

=8*67 4 - 7 " 1*33 ohms. 

V t , 1 00 + jQ 

Zee 8*67+y*l*33 

7«Z ae =(l 1*2*? — yl-732) (6*67+73*33) 

91 1 ' 




ce 


v 


11*27-71-732 amps., 


as 


l 


c 


81 +726 volts. 

V a » 8 1 +726 

Z "" 


abc 


amps. 


Now if 100 volts are inserted in hmnM* u , „ 

short circui.ed. The current in ef will he eaicuUted £ “ 




1-352-718*92 ohms. 


(2 —72 —7 1 0) 

Z “' =3+ i 4 M+« 2+J '' ' 86H = 4 - 3 «+j2-108 ohms. 

4 3 52+72* 1 08 ~ 1 02 amps. 


leaf 


^,=(18*6-79*02) (1*352-71-892) 

=8*07-747-4 volts. } 

* / _ 8 '07—747 -4 

•’ e/ 2^72 =13*88— 79-84 amps. 

Thus we see that I., is 
« . - " ls exa °tly same as A, 

Problem 2. In the . b 

100 Z0° volts are inserted in e^hmn^ * s shown in problem 1 If 

ad Verify the result by calculating th?’ fitid the cu "ent in branch 
volts are inserted in branch ad 8 he current in fe when 100 

Let us first calculate the current • , 
inserted in branch ef. W e have branch ad du e to E a =\ oq z q* 


I 
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Z 

Z 


Z ab , Z ad (3 -h/4) ( - j 1 0) 


a# 


00 


Zabc 4" Zad 

Zea 


6 - 67+y3 - 33 ohms. 



/ 


F 


«0 


ao 


Vfe__ 

Z oe 

he Z ao 


• • 




ad 


■ 3 +; 4 -7 1 0 

2-j 2 + 6-67+7'3-33 
= 8 - 67+7'l-33 ohms. 

8^H3“"- 27 -^' 732 am '’ S - 

=(11-27—7 1-732) (6-67+7 3-33) 

= 81+7 26 volts. 

81+7 26 _ 

Zarf - -7 10 


— - 6 +7 8 - 1 amps. 


Now insert 100 /_0 volts in branch ad and short circuit the 
branch ef. 

In this case branches abc and aef are parallel with each other 
in series with ad branch. So that impedance can be given as 

ry ry , Z gb C X Zpg/ 

^ad ■ y | y 

^ abo i ^ aef 

-[ -7l0+ f3+y4)(2 “ y2) 


-7 10 + 

34—7 48 
5+7 2 • 


3+7 4 + 2—7 2 
4+7 2 
5 +7 2 


So current 


lad 


ac 


Zt 


l^x(5+; 2 )amp S . 


Applying the current division lav/ at a, we get 

, ( 1 00 +7 0) 5+7 2 ,3+7 4 

*0/ -n • To X 1 ^ ^ 


34 -j 48 " 1 

(100+7 0) (3+7 4) 

34 -7 48 

50 (3+7 4) i 17+7 24) 


+j 2 


1 17-7 24) (17+7 24) 
50 (3 + / 41 (17+7 24) 

17 2 +24 2 
50 (-454-/140) 

865 


/-/=- 2*6+ j 8-1 amps. 

Hence / 

3 5, THEVENIN’S THEOREM : 

Any two terminal linear network containing lineat impedances 
and generators can be replaced with an equivalent circuit consisting 
of a voltage source E' in series with an impedance Z\ The value of 
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E' is the open circuit voltage between the terminals of the network , 
and Z' is the impedance measured between the terminals with all 
other generators being removed , ( but not their internal impedance q). 

Consider a two terminal network, containing one active mesh 
and other passive mesh. Let us also assume that load impedance 
Zr is appearing between two terminals as shown in fig. (lea;. 

Fig. (18 b) represents the Thevenin’s equivalent network. 




Fig. 18. 

% 

In fig. (18a) I s and I R represent the loop currents flowing in 
active and passive network respectively. Our aim is to calculate 
E' and Z' from fig. (18a) and thenjto show that it is equivalent to 
a circuit shown in fig. (186). 


Applying the voltage law equations in mesh 1 and mesh 2 
respectively, we have 

Zi Is+Z 3 I s -Z 3 I r =E ...(1) 

and (Z 2 +Z 3 +Z*)/*-Z a / s =0. ...(2) 

The above two equations can be easily solved with the help of 

Cramer s rule. The current Ir flowing through load impedance Zr 
is given as 


Ir 


J Z l +Z 3 E 

I Z 3 0 

| Zx+z, 

I Z a ,z 2 +z 3 +z« 

EZ % 


EZ 

(Z!+Z 3 ) (Z 2 +Z 3 +Z*)-Z 4 * 


_E±± EZ a 

or Ir= Z 1+ Zl 

Z.+Z.+Z -< 3 ) 

«- OP- " “a £ °e SJ ° f ** ( "« 


Z 2 + Z 3 +Z lR 


z 3 2 

Zj+Z, 


...(3) 


E'=E 


(&) 


v 1+Zs/ ...(4) 

with aU emf^f generators short^hcS^s ' * betW6en b terminals 
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Z'=Z 2 + 


z x z 


Zj+ZV •••(5) 

From equations (3), (4) and (5), it can be easily seen that 

E' 

1r ~z‘-\-z r 

Now from fig. (18 b), we see that 

E' 

1r ~Z'-YZr (7) 

Equations (6) and (7) are the same, hence theorem has been 
proved for networks containing one generator y super . 

Led to any number of generators by the application of super^ 

position theorem permitting each generator a 
to be considered separately. 

E' and Z' as given by equations (4) and (5) are known as 
Thevenin’s components. 

Problem 1. Find the open circuit voltage and Thevemn rests- 
tance of the two terminal network shown in fig. (1“). 

Comparing fig. (19) with (18a) 
we have 

Zsc=100 V 

z x = 2oa, z 2 = o, 

Z 8 = 3012. 

Then by Thevenin compo- 
nents we have open circuited vol- 
tage as 



E' 



Z x +Z 3 


or E' 


100x30 
"20 + 30 


Fig. 19. 

= 60F 


and 

Z' = 

z . Z 1 Z 3 

-^2+ Zl + Z 3 




30x20 

30x20 

or 

Z'- 

= ° + 30+20= 

' 50 

Hence 

E'-- 

=60F and Z' = 

*1212. 


1251. 


&AMP. 



Problem 2. Find the short circuit current and Tbevenin resis- 
tance of the two terminal net work shown in fig. (20). 

As given in question, short 

circuit ab by connecting terminals 

ob with resistanceless wire, then 

applying current division law, we 
have 

8 8 

* 06 ~6+2 X6 ~8 X6==6 amp3 ' 


n — mm — •* 

I 2 ‘SI 



6. n. 


• <9 


This is the short circuit current. 


Fig. 20. 
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IN ow for finding out Z', make current source as 
then Z'= 2+6=8 ohms. 

Hence short circuit current is 6 amps. 
an< i Z'= 8 ohms. 

Problem 3. Obtain Thevenin’s equivalent circuit 
work shown in fig. 21a. 

Sol. We shall first calculate the open-circuited 
ween A and B as follows. 


open circuit 


for the net- 


voltage bet- 


fOSl 


fSl 


The loop eq. for big closed 
mesh may be written as 
107+6/4-2/ 

=3 volt— 3 volt=0 
or /=0 

Hence (i) current across 
1 S2 resistor will also be zero 
and (ii) voltage drop (=rx/) 
across 6 Q resistor and along 
1 Q resistor will evidently be 
zero. Therefore the voltage Fig. 21a 

across A and B will be same as across 12ft, resistor /.<>.= 3 volts. 



rosi 


/Si 



3 


Ml lf CaCh batt . er y is replaced by zero resistance, as requir- 

a si n r 


will be as given by 

1 1 

R ’ 


1 


10 + 2+6 


or R' 


12 
3 


4 


be shown as circuit for & iv en network may 
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Problem 4. Using Tbevenin’s theorem, calculate the current m 
load Rt in the given circuit (fig. 22A). 

A 



R l = fOO ft 


JL 15* ***** - 

Sol. First of all, we shall calculate the open circuited v °l ,a B e 
£' across A and B in the absence of 7?,. as shown in fig. (a). 



tO£L A 


/on 


/Oil A 




Z =6 . A 





-i 


(a > 


Fig. 22B 


(C P 


The loop equation is 


107+57=10 or 7 


10 

15 


2 

3 


amp. 


As no current flows through the resistor near point A, 

hence voltage across it is zero. The voltage across AB is the same 

as voltage across 5 SI resistor i.e. 

Voltage across /tB=Voltage across 5S2 resistor 

=currentx resistance = (2/3) x 5 = (10/3) V 

Now we shall calculate the impedance across AB when the 
voltage source is replaced by zero resistance as shown in hg. • 
As viewed across A, B, 10 SI and 5 Q resistances are parallel and 
then 10 ft resistor is in series. Hence the impedance Z between 
A and B is 

y< IQ I 10*5 40 

z = 10 + 10 + 5 -3 

The Thevenin’s circuit is shown in fig. 22B (c). 
k The current in the load, when connected across Rl is gi ven 

Voltage___ (10/3) Vo lt \ amp 

Resistance {(40/3)+ 100} ohm 34 

Problem 5. For the network shown in fig. (23), calculate the 
current through load impedance Z k, using Thevenin’s theorem. 
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Let Ir be tjie current flowing through Z R , given by 

F' ' 

Ir - E 


where 


taolo 


So 


and 


So 


ar 


Z'+Zr 


E' 



3 


z,+z; and z '= z >+rgr, 


4/ 



1 — — 

I IO XX 

— ^(JtTOOO^ 

/on 

s 

•j 

? H 

= ion 

1 

r\ 


lO&OHMS 


Fig, 23 

F ,— (100+j Q) (- 2Q j) (100+ j 0) (—/ 20) 

j 10 -j 20 - ZJTo 

—( 200+7 0) volts. 

Z'=/ lO-f L/' 10 ) (~7 20) 

j 10 — j 20 

10+jf 20 30 ohms. 

£' " 200+y 0 


Ir 

Ir 


Z'+Zr j 30+30+7 0 
(3-33-7 3-33) amps. 


200 

30+7 30 


V((3-33)*+(3-33)«} tan- 1 ( 



/*=4-72 ^-5° amps. 

• AM-. & mm 

- — » -Snd the impedance 
theowm J” he, P of the Thevenin’ 

connected across “b “ d ' mpcdance Zz.=10— j 7 5 ohms 



Fig. 24 


O W 


67 


Four Terminal Networks and Network Theorems 


For calculating the impedance Z 0 looking into ab, we short 
circuit the branch gh then v? 


Z 


(+y5 -y20)( _/5) (— 7 I 5)( j) 


So Zfde 


So /, 


9t 


y5-y20+/5 

- 7 IO 

=75+75- 

-j 20 = - 

- 7 IO 

(-J 20 )( 

-7 10 ) 

r — 720)6 -yio) 

-7’2o - 

-7'10 ~ 

(-JM) 

—j6 ' 66 ohms. 

E 

Zfdce 

1 00 + yO 

-j6-66 

-=y‘15 amps. 


■jl-5 ohms 


So /, 


66 


and 




«/ 


7 15 

-J'30 

Jl5 

— /30 


X —j20=jl0 amps. 
X — 7 ' 10 = y 5 amps 


Now voltage across ab i.e. v ab will be : 

voltage across ef ± voltage across j 5 Q ; 

Vab = 10O+j3±j5XjlO 
= 100+ —50 

F a6 =i50 zo°- 

This V a b can also be calculated as 
V e d— — j20 X y 10=200 
and voltage across j5£2=j5 x y‘10= — 50 

So Foi= Fed + F)'5 = 200 — 50 = 150 ^0° ohms. 

F o6 


an d hood 


Zo+Z L 

1 50 + yO 


1 50 + yO 


36. 


7'7-5 + 10-;7-5 
= 15 Z_0° amp. 

NORTON’S THEOREM : 


0 


This theorem states that any two terminal network consisting of 
linear impedances and generators can be replaced by an equivalent 
circuit containing a current source I' in parallel with an admittance Y ' . 
The value of /' is the short circuit current between the terminals of 
the network, and Y' is the admittance measured between the termi- 
nals with all generators removed ( but not their admittances). 

This theorem may be easily proved by considering a Thevenin’s 
equivalent network shown, in fig. (25a). The load impedance Zr 
is appearing between two terminals a and b. Now this Thevenin’s 
equivalent circuit may be easily converted into a circuit containing 
current source I' in parallel with Y' and Yr appearing between two 
terminals a and b as shown in fig. (256). 
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The value of I R from fig. (23a) is given by 

E' E' ‘E'Y’Yr 


Ir 


Z'-\-Z R 


L 4. ±~Y’+y r * 

Y'^Yr 


...( 2 ) 


where Y' and Y r are the reciprocal of Z' and Z R respectively, 
known as admittances. 9 




r=E'Y' 


(a) ~ U) 

Fig. 25 (a) Pjg 25 (5) 

Applying the current division law in fig. (25-6); we have 

I 1 Yr 

R Y ' +Yr ' ...( 2 ) 
The load current I R ' can be made equal to I R Then the c™ 
panson of equations (1) and (2) gives 1 

V'. 

~Z 9 

to same^h^^rem to ton—? (25<,) and <«»>»« 

venin’s equivalent network of S« £$£ ‘S of lhe The ' 

(256) is equivalent to fig (25a) and fie that fig ‘ 

original fig. (18a). ' (25a) is equivalent to the 

the help of TheverUrT s'an^Norfon’s th 1 ^ ° Rd current sour ces with 

removed by opening its circuit . ’ * htre &s * current source is 

equivalent nelaor^Md'ton'into Nwon’s”' 111 “ et . w “ rk Tbevenin’s 
to* to, p„„ cr delivered to Joad R° to K’to" 



Fig. 26 . 


E' 
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For converting this network into Thevenin’s equivalent we 
ave to find out the Thevenin’s components given as 

EZ% 12x6 1 2 x 6 

ZT+Z,” 3+6= 9 = 6volts - 
Z 1 Z 3 . 3x6 18 

Z 1 +Z 3 ~ / + 3 + 6“ 7+ ~ 

muipr^r the J heve 1 nin ’ s equivalent circuit is shown in fig. 27 , and 
power delivered to the load is 6 

( 8 \ 2 
9 + R l ) Rl Watts 

since p, = 


and Z'=Z S 4 


9 ohms. 


9 + /? 

i 2 r l 

Now applying the Norton’s 
theorem in fig. ( 27 ), we have 

E' 8 

2 ' — ^ amps. 


...(A) 


r=E'Y' 


z 

AA/VWWW 

9 -TC 


and 


^ ohms. 


40 


/ 




Hence the Norton’s equivalent circuit 
inow the power delivered to 
he load is calculated by appl- 
ying the current division law 

given by ,hrough is 


Fig. 2? 

is shown in 


fig. ( 25 ). 


I. =2 


8 Y 


9' 1/9 +Y l 




or P 



Y l \*_l 
f Y L ) Y, 



* 


or P, 


1/9 +Y l / i L 

Fr . ( 9 T 5 ?J wa,,s - 

Power Sve?ed a to (B) we see that in both the cases 

both TheveninS x T oad , 1S the same and hence we conclude that 
circuit. D Sand Norton s circuits are equivalent to the original 

cu its P for b, S 2 fnii DraW the Thevenin ’ s and Norton’s equivalent cir- 
,he 'oa2 i„ h e e ac h ” a 0 s W e ,n8 (fig ' 29) ' Calculate The current in 

Cl * 

cross ' \ B . Fl The current r*?" ( t aIcula ^ tbe °Pcn circuited voltage 

me current I flowing in the loop is given bv 

0-6/+ 0-87+0 2/= 24 i.e., /= 15 amp 
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Fig 29. 

The voltage across AB is the same as voltage across CP, i.e., 

E ’— voltage across CD= 15 amp. xO-8P=12 Volt 

Now we shall calculate impedance Z' across AB. For this 
purpose the battery is removed but not its internal resistance. The 
circuit now becomes as shown in fig. 30. 

As viewed from points A and B, the resistors 0*2fl and 0 6 Si 
are in series. Their equivalent resistance is 0‘8 Si. The resistor 
0 8 between C and D is in parallel. Hence equivalent resistance 


is giAen by 


_1 

R 


1 


+ 


1 1 + 1 


0 60 . 


0 8 ^ 0-8 _ 0 8 
0 60 


2 
0-8 


i.e. R=0 4Si 




— WWW— 
2 - = /- 2 12 - 

£=/2V 


A 


O 


I 


A 




Hence the 


The 


. Fig. 30 ( b ) 

Now resistor 0-8 Si between C and A is in series 
imdedance Z'=0 8 + 0 4— 1 2 Si. 

The Theveniu’s equivalent circuit is shown in fig. 30b. 
current in load Rj, when connected between AB is given by 

t 12 Volt 12 Volt 30 

1 12P+3-20- 4 4P = U amp - 

The Norton s equivalent circuit may be found from Thevenin’s 

equivalent circuit. The short circuited current found by shorting 
the terminals A and B together is y 6 

r iB ~ Voltage _i2 Volt 

Resistance 12 Si = 

The No ton’s equivalent ci.^uit is 
shown in fig. 31. 

When the load Rt=i‘2D ic 

TZTt aCrOSS the curVent 
m the load is given by 

/ ^ 1 a 2 O' 

t “3*2a+i‘2fi' x 10 am P* 

12 30 

amp. 


10 amp, 


4-4 11 
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Problem. 3 . For the network shown in fig. ( 32 ), calculate the 
current through load impedance Z r using Norton’s theorem. 

First of all using Thevenin’s theorem, we shall calculate the 
Thevenin’s components E' and Z' given as 

, (IOO+ 7 O) (- 20 /) 


or 


and 


E' 

E' 



( 1 00 +j 0 ) ( -j 20 ) 


Zi+Z 3 J10—J20 

( 200 + 7 0 ) volts 

z,z 3 


■j 10 


Z'=Z 2 + 

=710+ 


Zi + Zj 

(710) (-720) 


j : 0 -720 

2' = 7 10+7'20=7'30. 


...(A) 


..(B) 


tool# 


— nmwp — 


tos 1 

IOS 1 


=r 20X1 


Zr 


solo' 

OHMS 


Fig. 32. 

Now, we will use Norton’s theorem for calculating the current 
Ir through load impedance Z R . Current Ir is given by 

ry R 


* R~ 

and /' = £'r and Y’ 


Y'-tYr 

1 _ 

~Z' 

\ r 


1 

7 30 


/'=(200+7'0) 


1 200 


200 


730 7 30 

1 


Ir 


Jib x 30 +7 30 _ _ 200 


1 


1 


or 


or 


or 


730 + 30+70 


30+ 730 


I 


Ir 

Ir 


3’33— 7 ' 3‘33 amps. 

V{(3-33)*+(3-33)*} tan->(-|^|) 
4’72 Z. —45° amps. 


Problem 4 . Find the open-circuit voltage and Thevenin’s resis- 
tance of the two terminal network shown in fig. ( 33 ) and then reduce 
jhe network into Norton’s equivalent circuit, and find the current 

through load resistance Z /?=2 ohms. Find also the power delivered 
t<Mhe load. 

The Thevenin’s resistance Z' can be calculated by short 
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circuiting {//branch. In that case cd and cf will be parallel to each 
other; and de spd fe will be parallel to each other and both will 
be in series then 


Z' 


or Z' 


Red^-Rof | 

R«i~\~ Re/ Rt,-\-Rt f 


3x7 . 1X9 
3+7 + l+^ 

21 a. 9 

10 + 10~ 3 ‘ 


3il 


rsi 


ohms 


2Si 


Now we have to calcu- 
late the open circuited vol- 
tage between terminals a and 
b. We see from fig. 33 that 
the voltage drop between ab 

• « • « d 


roov 


III 


9SI 


Fig. 33. 


is same as at c and e points. The current generated from the source 
in each branch is voltage divided by the total resistance. 

10° 1A 

i.e, jq- =10 amps. 

P.D. across cd=— 30 volts 

P.D. across de= 10 volts. 

P.D. across ce=— 20 volts. 

Calculating potential difference across cf and fe we would get 
potential difference across ce as —20 volts. 

£'=—20 volts and Z'=3 ohms. 

Now the circuit reduces into the Thevenin’s equivalent as 
shown in fig. 34. 

Now we have to con- , 

vert this network into Atk Z z 

Norton’s equivalent cir- WAAMMAW — — ■ 

cuits. For this let us find ssi L 

out /' and Y‘ and Y R tJL . > 

r = i. = 1 ohms. -""HCy l*-* 


y r 


-ZOVOL 




Z' 

1 _ 

Zr~ 

E'Y’ 


ohms 





r=E'Y'=— 20x4 

ac 20 „ 

* 8 amp. 

So the Norton’s circuit 
is as shown in fig. (35) 
Current through the load 
is given by 

/ = i' y r 

l * r+r. 


Fig. 34. 


20 
' 3 

AMP 


^ ^ 3 MHOS 


(20/3) x 1/2 
0/3)+(l /2) 


Mr-1 

MHOS 


Fig, 35. 
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Ir= — 10/3x 6/5= — 4 amp. 

This is in ba direction, hence current in ab direction is 4 amps. 
Therefore power delivered to the load is 1 2 Z R or 

rj 2 

Pl— 16x 2 = 32 watts. 


3-7. THE MAXIMUM POWER-TRANSFER THEOREM : 

This theorem states that the maximum power will be consumed 
by a network from another circuit connected to its two terminals when 
the impedance of the receiving network is varied to make the impe- 
dance looking into the network at its two terminals as conjugate to 
each other. 

Let us consider a two terminal active linear network connected 

to a two terminal passive linear 
network. In fig. (36) Z R represents 
the equivalent impedance of a pas- 
sive linear network and the net- 
work at the left of a, b terminals 
represents the Thevenin’s equiva- 
lent active network. 

The impedance of the active 
network Z' is equal to the ohmic 

resistance R' plus the resistance X' or 


Z 

wmm 


-©I 



Fig. 36. 


i.e. 


•••(I) 


Z' = R'+jX'. 

Similarly Z R =R R +jX R 

We have to prove that Z' and Z R are conjugate to each other 

Z R — R' —jX' . ...(3) 

For this, we proceed as follows : let I be the current flowing 
in the network, then 

E' 


i.e. 


I 


Z‘ -\-Z R 


or 


E' 


putting 


(R' + R R )+j(X' + X R y 
The power delivered to the load is 

(E'f R r 

(RR+Ry-Hx K +x'y 

If X R is varying, the maximum power will 

3 Pc ~ n .. ., 

From equatior (6), we get 


...(4) 

...(5) 


...( 6 ) 

be calculated by 


dX 


0. 


R 

dP 


2 (£') 2 Rr (X r +X'\ 


dX R [(R R x-Ry+(x R -X') 2 f 


0 


...(7) 
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...( 8 ) 


(Pl) 


max 


or X R +X'=0 

°r X R =~X\ 

Substituting equation (8) in equation (6), we get 

(£')» Rr 

\R r +R')*' ...(9) 

Now suppose R r is varying, then maximum power Will be 

Q p 

calculated by putting 0. From equation (9) 

tPL={E'y(R R +R'y-2(E'y r r (/?«+*•) „ 

(R r +R')* - u 

(E') 3 Rr= o 

( e')*[-r r +r']=o 

Rr=R' 


or 

or 

or 


...( 10 ) 


...(H) 


From equations (8) and (9), we have 

Z R =R R +jX R =R’-jX\ 

Corollary If only the absolute magn itude and not the angle 

Of Z. R be varied, then the greatest power output will be delivered 

from the network if the absolute magnitude of Z R is made equal to 
the absolute magnitude of Z ' . JR' ««««* 

Proof. The power delivered to the load can be written as 
p r= - (E') 2 1 Z R 1 cos 0 

(/? + I z K | cos 0)*+(X'+ | z„ i si n 2 ) 

since, we know that 

Z R | cos 9 
•*k=| Z R i sin 9 


have 


Equation (12) can be maximized with respect to 1 Z R I. We 




{Ey cos 0 ) , +(^'+|Z«| sin 6)*] 

-{E y \Z R \ cos 6 L2(*'+lZ*|cos 9) COS 0 


_ +2(X'+\Z*\ sin 0 sin 0} 

^ cos .« , + ^'+|Z«l sin «)<} 


o 


X' sin 0 
X ' sin 9 


lr (£T co s , [ ~+f+ti f + 2 IZ, | Z . 

~ 2|Z « I* oos e - 2 | Z R ,* cos. e-2 ! z, 

[ * »+" A&f Si “’ 91 ‘° 

. Ill'tllf - 

Hence, if the angle of the load im 

magnitude of the load impedance cS . 1S not alter ed, the 
pow- from the network* ° btam the 8**test amount of 


or 

or 

or 

or 
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Now, from equations (9) and (13), the maximum power deli- 
vered to the load is 


-•(14) 


We have proved above that maximum power is taken out 
from the network, if and only if the impedance ot the receiving 
network is conjugate to the impedance of the active network. In 
that case, the circuit (31) reduces to that shown in fig. (37). 


Here total resistance is 

R'+]X'+R'-jX'=2R' 

| p> 12 

Then | / i*= , 

i e., power generated is equal to E T 

I F' I s V "- X 

I V 1 J (2 R') 


/ • / 


Aimrn 


2 R' 


...(15) 



ton. 


Thus, we see from equations 
(14) and (15) that the power lost " s. 37. 

in the internal generator is equal to the power de.ncred to the load 
and the power efficiency is only 50 percent. 

Problem 1. Find the valne of which will absorb maximum 
power, and determine this maximum power in the following net- 
work. 

For finding out R L . 
short circuit 50 V source 
and open circuit the 
1 amp. source. W e see at- 
once that /?*.= 0 ohms. 

Hence /?*.= 10 ohms will 
absorb maximum power. 

For determining the 
maximum power absorbed 

b y Rl we shall calculate mg vs. 

the current flowing through R L . We can find current through Rl 

by superposition theorem. 

(0 Let / fl =0, then 

50 50 

20 


Eg*SeV 




ix i 

(it) E t — 3, then 


10+10 


2*5 amps. 


lx 


1 


x 10 


0*5 amps. 


10 

20 ~ ‘~^ 20 = 

Hence i x = i Xj +i Xt = 2-5 + 0*5 = 30 amp. 
Hence power absorbed b y R L is 
(/„) 2 7?=(3) 2 x 10=90 watts 
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Problem 2. The voltage at two terminals of a network consis- 
ting of resistance and reactance is 260 volts. When a resistance of 
3 ohms is connected to it, it is found that current of 20 amps, 
passes through it. When a resistance of 14 ohms is connected, a 
current of 13 amps is found to flow. Calculate the impedance for 
which maximum power can be absorbed. 


Here R r = 3 ohms and 14 ohms respectively and 


I 


E' 


V{(E R '+R R y+{X'+x K y} 

In first case, when R r = 3 ohms, we have 


20 


260 


V((7?'+3) a +Z ,;i } 

In second case, when /?r= 14 ohms, we have 

13 = 199 

V{(^' + 1 4) a + X'*} 

We see that above equations are satisfied by putting 

R'=2 ohms and X'=12 ohms. 

.’. Z'=R'-\rjX'=2+j 12 ohms. 


...(A) 


...(B) 


,he iWe<W Sh °“ ld <» 

Problem 3. A generating device has an impedance of 0*5+ i 1 
ohms and is connected to a load by a line oflS-Uinhn.c *! 

what load will maximum power transfer receded byUeSwh^ 
adjusted for maximum power ? * »y tte load when 

For absorb ng 


„ maxi- 
mum power, Z' and Z R 
must be conjugate to each 
other i.e. 

Zr—0'5— yl ohms 
and Z' must b; 

1*5— y4 ohms. 

Hence maximum power 
wiil be absorbed when im- 
pedance i.e. Z, oad will be 


Z=~05+7t 


OS -j 1 + 1*5— y 4 


and 


maximum power P max 





Problei 


50 watts at the receiver. 


A j w JlvvCr 

power and determine thi? maxTmum ^ower^of “L abS ° rb maximu ™ 
m fig. (40). power of the network shown 
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For finding R L , short circuit 30F 
source and open circuit 6 amp. source. 
We find that 

i? t =10+15=25 ohms. 

2 ohms will not take part in circuit 
because branch be is short circuited. 
Now for finding out the current thro- 
ugh R l , we shall apply super-position 
theorem. 

(i) Put £^=0, be branch will be 
short circuited then applying current 
division law at a node a we have 
ix t through R L ( = 25 ohms) : 

• = 6x 10_ 60 

-* 1 25 + 25 = 50 


tg ~6AMP 



aAi'vWMV 

son 



Eg~=3oV 
Fig. 40. 



/?> 


amps. 


(«) ^ ~ ^ then ad branch will be open circuited, in this 

case branch cb and cd ib will be in parallel with each other so 

equivalent resistance 

Rcdob+Rc 


.'. Redab — 1 5+ 10 + 25 = 50 ohms. 

50x2 100 

“50 + 2 ~ ~52 

So current generated by the 30 volt source is 


30 


100 


X 52 amps. 


and current flowing through R L can be calulated by applying 
current division law at node c. 

60 


We have ix 


So 


30x52 2 

100 X 52~f00 

60 60 °0 


amos. 


• ... w 

i,= I)f+/x 1 = r ,+ 


50“ 100 ~50 


g amp. 


So power absorbed by Rl is 

Tl=U x ) 2 R l 

.*. 7 > i.= (9/5)* x 25 = 81 waits. 

EXERCISES AND PROBLEMS 

h What is a our terminal network ? Obtain expression for image para- 
raeters in a four terminal network. 

2 What do you mean by image transfer constant y ? Prove that 

3 w here the symbols have their usual meanings. 

Wha: are iterative parameters ? Prove that for a L section the iterative 
transfer constant is given by the relation 
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4. 


5. 


6 . 

7. 


8 . 


9. 


e p = 1 - 4 - 


Z/JT 


in a case of general 


Z„’ 

the symbols have their usual meaning. 

When the two impedances match together 7 Show 
in db can be expressed as 

mismatching in db=20 log,, (1/Jfc). 
where k is reflection or transmission factor. 

State Superposition theorem. Prove this theoren 

network. 

State Thevenin’s theorem and prove it in case of two terminal network. 
A certain network, including a generator, has an open-circuit voltage o f 
125 volts, and on short circuit produces a current of 5-59 amp. When 

a 10 ohm. resistive load is connected, the current is 4 41 amp. By 
Thevemn's theorem, find an equivalent voltage source circuit for the 
network. How could the sign of the reactance be determined 7 

Give the statement of Norton’s theorem. Prove that the interchange 
of voltage and current sources with the help of Thevenin’s and Norton’s 
theorems give a method of circuit analysis. 

What is the maximum power transfer theorem 7 Show that power lost 

in the internal generator ,s equal to the power delivered to the load and 
the power efficiency is only 50%. ° a * ana 



* 
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FILTER CIRCUITS 


4 0. FILTER CIRCUITS : 

Filters are electrical networks used to separate alternating 
.rora direct current components or to separate a group of a c. 
components included within a particular frequency range from 
those lying outside this range. To achieve the desired effect, the 
filter is designed to provide a low attenuation for frequency com- 
ponents within a particular pass band range and a high attenua- 
tion at frequencies within other stop band ranges. The networks 
provide a uniform response over a wide range of frequencies than 
that obtained with resonant circuits. 

. . Filters are commonly classified inaccordance with their selec- 
tivity characteristics as below : 

{d) A low pass filter transmits all frequencies below a limiting 

frequency /„, known as cut off frequency, and stops all those above 
this frequency. 

A high pass filter passes frequencies above the cut off 
frequency^pd stops all those below this frequency. 

. Qr A band pass filter passes frequencies in a particular band 
between two cut off frequencies and stops those above and below 
this band limit. 

(d) A band elimination filter stops frequencies within a 

specified band and passes those above and below the limits of this 
jandb. 

4-1 • ELEMENTARY FILTER THEORY : 

The network consisting sections each with an impedances Z x 

fiV erieS arm anc * * n s ^ unt arm institute the electric wave 
her. Z x and Z 2 can either be inductances or capacitances or a 

combination of both. 

Because of wave nature of voltages and currents, their evalua- 
' 0n . la different elements by the application of KirchofTs law 
a rTfr ver y laborious.'^ For a simple treatment, we proceed in 
tuerent way making use of the recurrent nature of the elements. 

Let us consider a uniform filter, consisting of a chain of 
unilar section as shown in fig. 1, which are repeated indefinitely 
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forming an infinite chain If a generator is applied at some point 
earlier in the chain, currents will flow in various sections. 




l r,-j 




Itv 





Fig, 1. Generalised type of uniform ladder filter. 

Let the currents in successive sections be i„, i M . Appli- 
cation of KirchhofTs law to the central section gives the following 

expression : 

Z 2 (in — 7„_,) + Zi /n + Z 2 (/„— l n+ i) = 0 
or — Z2/„_ 1 +(Z 1 +2Zi) i n — Z 2 ii» +1 =0 .. (1) 

We may write i n =ai „_ ,, where a is a real or complex number. 

i nen in an infinite chain where we cannot distinguish between 
sections, we must have 




____ * 

Then equation (1) gives 



+ 



or 


2 ( 1+ S)“+' 


i + -?*- 
+ 2Z ’ 


0 


The equation determines the attenuation constant a 

I canfini* tr\ tU ~ « Zi . 


...(2) 

We 


shall confine to the case where | is real, which corresponds to 

a' can d be eSfr^ resi , S * anCeS or pure reactances. Then 

either real or complex, but not a purely imaginary 

quantity. The roots will be real when Zl i; M * a .u 

wnen -Trj- lies outside the range 

0 — 1 Wo o — . . °*^2 & 


whereU is 8rea,ei 
Zi 

4Z 2 

generating^lemem? the^urfenK Qet 7°5 k does not contai n powei 

» me currents must decrease as we move awaj 


(0 


> 0 . 


’ Uta= !V then this expression 

eV +e~ v . Z, 7 

1 2Z”’ c °sh y=l -f - 

wWch is called Camphor's Equation . ^ 

y=a+jP ’ a==e * +;p : « will be real if.S=0. 


2 
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from the generator attached to one end of the filter. The signi- 
ficance of the positive sign of a is that the wave is attenuated 
without change of phase. If we write a=e ~ *, where a is the 
attenuation constant per section, equation (2) becomes 


cosh cl= 1 -f- 


2Zn 


...(3) 


00 o 


z> 

4Z< 


1 . 


a is a complex with modulus unity, so that we may write 
' The wave is not attenuated at all, but suffers change of 
-ihase by an angle (3 in each section, where 

“ SP = 1+ 2§7' ...(4) 

a is then real and negative, so that the wave is attenuated with 
a phase change of n in successive sections. If we write a=— e~ a , 
equation (1) becomes 

Zr 


-cosh a — 14- 



...(5) 


If we write a 


Since we are dealing with electric wave filters, the currents 
must be represented by a time varying function. If the current 
in one section alternates at a given frequency, so that we can write 

then the current in a latter section ( n+m ) will be 

i n+m =a m I„ e lul , 

=e~ h . the current in the section (n+m) will be 

/ — T p—hmpjut 

i n+m — e 

-ji Tp(Juit-hm) 

which is similar to the expression for a wave motion in a conti- 
nuous medium except that m, the number of sections which can 
pnly be an integer, replaces ‘x’, the distance travelled in the med- 
1Um ^ h is real, we write it as a and we have an attenuated 
wave, but if h is a pure imaginary quantity j\ 3, we have an atten- 
ated wave with a phase change j9 per section. Values of a and 
P are given in previous three cases. The third case where the 
tenuated wave changes sign in successive section would not 
Tise in a continuous medium. The behaviour of the filter is deter- 

rali ‘ mme d' ateJ y from the value of (ZJAZz). It lies within the 
uge 0 to 1, we have a ‘pass band’ with no attenuation: outside 
nis ran 8 e we have a ‘stop band’. 

uniform chain of filter can be regarded as made up of 
" ar sections joined together, but two types of section can be 
ained by cutting the chain in different ways. These two types 
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are shown in iigs. 2 and 3, na 
respectively. 


II 



as v: section and T section filters 



Fig. 2. K-section Filter 


section 


The senes impedance of a symmetrical T section is composed 
of two similar units, each of which is labelled at and shunt im- 
pedance is Zj as labelled in figure 3. The shuuc impedance of 
E e ! r ;f . w fi sect ‘ on is composed of two equal branches, each 

2 a ^ d the ?S shunt bran °hes are located on either 
side of the senes impedance Z x . 


42 


n SraKWS^ STIC IMPEDANCE OF T AND 


T Section. If the output terminals of T section are closed 

mitei? an impedance Zr ’ impedance across the input termi- 


Zi 


If Zi n — Zt=Zk, then 






Z K 


Ji 


. •' ...( 2 ) 

secttOn.. - cha racteristic or iterative impedance of T- 

closed through an impedan^Z^the^ 111 * 11 ^ 8 ° f the n 86011 on are 

terminals is ^ nce the impedance across the input 
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2 Z 


2<n 



+ 


2Z 2 Zu 

2Z 9 + Z 



2Zo+2Ti+ 


2Z 2 Z„ 

2Z 2 +Zf r 


..(3) 


If Z in — Z f 


2Z. 


Z' 


\ L+ 2 Z 2 + Z'J 


2Z +Z | 2 Z 2 Z 'jt 

2Z 2 +Zi+ 2Z +z . 


or 

or 

or 

or 


2Z 9 Z'k 


Z' k { 2Z 2+Zi-\- 2 z^ + z' k ) ' 2Z 2 ( Zl + 2Z 2 + Z 

2Z'itZ 2 (2Z 2 +Z' Jf )+Z 1 Z> (2Z 2 +Z'jf)+2Z 2 ZV 
= 2Z 1 Z 2 (2Z 2 +ZV) 2»Z,-*Z'* 

(Z x +4Z 2 ) Z' 2 k=4Z 1 Z 2 2 . 

, _ / f ZxZ 2 1 

* V Ui+z^z,)!- 



z 


...(4) 


l(l + Z 1 /4Z„) 

Z'r is called the iterative impedance of n section. 

Equations (2) and (4) are important relations in filter theory 
because they define the characteristic impedance Zg and Z'g in 
terms of the series and shunt elements that constitute the T and n 
sections. If a filter section is terminated in its characteristic imped- 
ance, the impedance across the input terminals is the same as the 
receiving end impedance. It can be shown from equations (2) and 

(4) that 

• Z*Z'jc=ZtZ a . •••(5) 

4 3. CHARACTERISTIC IMPEDANCE AS A FUNCTION OF 
OPEN CIRCUIT AND SHORT CIRCUIT IMPEDANCES : 

Let us first consider a T section filter. If Z 0 denotes the open 
circuit impedance of T section then 

Zi 


z 


2 


+ Z 


When the output terminals are short-circuited, the impedance 
of T section is 


z x z 2 z, 




z - Zl +- 

Zs ““ 2 + Z> 


+z,z 



Zl 
2 


+Z 


The geometric mean of Z 0 and Z s is 


V(Z n Z s ) 



Z 2 


+ZiZ f ) 


= Zg from equation (2) art. 4*2 
Z* = V(ZoZ s ) 


...d) 
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The fact that Zg is equivalent to the geometric mean of Z5 
and Z„ provides the basis for a simple experimetal method of 
determining the characteristic impedance of a gi ven section. 

For n section, open circuit impedance is 


Z 0 


2Z a (Z x + 2Z, 1 


then 


Zi+4Z 2 • 

If the output terminals of the n section are short circuited, 


Z s 


2Z„Z 1 


Zj +2Z a 

Geometric mean of Z 0 and Z s will be 
V(Z e .Z s )= IS Z ' Z * 




(1+ZJ4ZJ \ =Z ' K from equation (4) art. 4*2. 
Therefofe Z'g=(Z 0 Z s yi». (2) 

dance of ^\ther^<f nd ^ 2 \ in<i - Cate the °h aracter istic impe- 

dance ot either T or m section is equal to the geometric mean of 

their respective open and short-circuit impedances. 

4-4. LOW PASS FILTER : 

The simplest type of low pass filter is shown in fie s with 
condenser in -the shun, arms and inductance in the serie^arms * 
men Zi=jo*L 

and Z t =l/j(oC. 

giving Z 1 /4Z 2 = — u/LCI4. 

The cut off frequency u> is 
obtained by setting this equal to — 1 
».e. w*LC/4=\ 

oj e =2 (LG)-*I* Fig. 5. Low Pass Filter Section 

highe^ltSe^ra^uSeS 3 ^ 7,! ,hoUt a “ eM f io »- « 

change is given by P ass band, the phase 

showing that fchanges l fromO < ti 2 rarthe < f / e‘“” >! ' u " <2) 

section Sf "* ““ ^ oharacS/^^dfneS^f^ 



z 


.c— 4-) - * * 

which is resistive in the na« . 0,0 ' 

- ■ “ * M *. b ,h n e d s,„ b "V a T, rr ?. m < W' 1 » zero 


( L c)'“ 


T- 



U lIAC 

St ° P '‘ SS * 

__ cj 2 LC 
2 9 

which rises with frequency frnm 1 

ah ° WS C “ mD,S ta successive seSl«s^e^® 


cosh «=i 
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From relation (5) art. 4*2, the variation of Z m can be found 
because Z v .Z T =Z K Z , K=Z 1 Z i , 

/ *7 L 

// ** Z r CZt 

Variations of a, p and Z T are shown in figure 6. It should 
be noted that product of series arm and shunt impedance is cons- 
tant, i.e., Z 1 Z i =LlC= K 1 2 (constant), 




Fig. 6. Variation of a , p and the real part of Zj- for a 

simple low pass filter. 

where K is constant, independent offrequency and so resistive in 
nature. It is expressed in ohms./^ 

4 5. HIGH PASS FILTER : 

. In figure 7 simple T section high pass filter is shown. Capaci- 
ties are in series arm while inductance is in shunt arm. Then 


Z i =joiL. 

z_x • L_ 

zr o?lc 

For cut off frequency 


2C 


2c 


L 


Fig. 7. r-sectiod high pass filter 


4Z 2 


1 

A(o 2 LC 



1 

2 V(LCy 



The phase ehange per section in the passband is given by 
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cos S=1 


1 


1-2 


O>0 



2 to*LC ~ \o) 

and the modulus of this expression gives also the value of cosh a 
in the stopband. 

The iterative impedance is 


i 


die 
.2 



4 <o*C a 
LV>* 

C ) \ » 

which is imaginary in the stopband and rises from zero at the 
critical frequency to a limiting value of (L/C) 1 /* in the pass band 

The behaviour of sc, 0 and Z T is illustrated in fig. 8. In this type 
of filter we again see that 

ZjZ,=4 =K 2 (constant). 



rig. 8. 



uiusirating the variation 

PAQQ 1? rr 
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o?LC. 


which is positive at zero frequency 
but tends to — oo as o>->oo. When 
it lies between 0 and — 1 , we have 
a pass band whose lowest frequency 
is 



1 


0)1 


Z. 


,, T where 

VC^A) 4 Z 2 


0, 


and highest frequency 


CD 


c 2 ±ACA^ 

LCoC 


where 


Zi 


4Z, 


1. 


The behaviour of a, (1 and Zr is shown in fig. 10 




Fig. 10. Representing the behaviour of f). real of Zr an d n - 
Now we shall describe a second type of band pass filter in 

which 


K 2 (constant). 


L-i 

Ci C a 

The T section of such band pass filter is shown in fig. 1. The 
series arm contains a series resonant circuit while the shunt arm 
contains a parallel resonant. If the resonance in series arm 
occurs at a frequency at which 
the shunt arm of parallel circuit 
is resonant, the section will have 
band pass characterise. 

If Zj and Z 2 repsesent the 
whole series and shunt arm im- 
pedance, then 




to*L i C 1 





Fig. 11. T-section band pass filter. 
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Z t 


J 


k>il c 2 coZ, g 

ojL, -\ 1) 



• # 


Z/2 r cd 2 z»iCi 




Now we calculate 

(pPLi Ci —1) (o )*L*C* 
Z a o) 2 L 2 C! 

Sin« ^ - 



Zi 

2 ; 


r" 2 

\wo 


r > ) 


Zi 


o^L^Pi 


For pass band l¥~° or 

Zi 


1. 


Puttmg 4 z 2 ~ 0, we eet w==w o which is not the 


critical fre 


quency 


If we put 


2 


1 , we get 


/o^ 

L n * 


i 



or 


O)' 

CO 


4a) z L 2 C 1 

- cu 2 

2— ,+ U 


1 


4w»C,£ 2 


co 0 

- t -2 ^1 + 1 = 4 ^^ 

^ 4 a> 0 2 C. 

/ 

(J) 


- l+fi)+a. 0 <_0. 

This equation gives the critical frequencies : 

£D? = Ci>0* ^ 1 ' ^ f ^ ^ 


y{ 


2 


CO, 


LV C t rc^ 

IMihA 




* , IV \ C 2 J^J\cJ • 

If the roots of this equation be 1 and „ tll 

VV+C 1 /C i )+ V( b7c\?" the “ 

w "?=“n[V( 1 + C 1 /cI -V(c!/cS‘ 

Multiplying above equations we set 

«!«>*— G> 0 2 . ’ 6 


..( 1 ) 

..( 2 ) 
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Hence resonant frequency is the geometric mean of two cut off 
frequencies. The cut off angular frequencies are given by equations 
(1) and (2). 

The iterative impedances can be calculated by putting values 
of Zx and Z a in the relation 


Zr 


p utting values of Z x and Z 2 , 



1 + 


Z 



1 


(a,*/ 


OJ 


0 


1) 




4co t L 2 C 1 

( a >*- 


1 


a>n 2 ) 


u 

c 



i 


(</>/a > 0 — a> 0 /a >) 2 



4Ci/C 2 

It can be shown from equations (1) and (2) that 


4 


Q> 1 O>0\_( OJj OJq 

) \ W 0 ^2/ ^2 

Therefore expression of Z T becomes 



Ci 

a- 


Zr 


MM 


1 


(o> 'oj 0 


also Zr 



1 


(Wj/Wq-W 

(lo/t 0 0 — OJ n /a>) 2 


QJq/oj)* 1 
w o/ w l) 2 J ' 


Therefore when id=w u Zt 

oj=oj 2 , Zt 
oj—o) 0 , Zt 


(u) 2 /a) 0 

0 

0 

V^/Cx) 


OJo/ojA 



K 


The variations of attenuation constant^* and Z T with frequ- 
ency are shown in figures (12) and (13). 




Fig. 13. Variation of 

impedance, Z 


Fig. 12. Variation of attenuation 

constant. 

• / M ^ # 

Element values for design : The values of the elements may 
be determined in terms of two cutoff frequencies and design 
impedance K. 
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We have shown previously that 

1 1 


CD 1 (D 2 = CD Q 


8 




K 2 


CD. — C0 2 


or 


i.e. 


^cr 

Ei 

Ci C 2 

From equations (1) and (2), we have 

q;) = ViLiCj 2 \J (§) 

A 2A: 

J ~ _ K 

c /os w (/x-/i) 

From (3), we see that 

C x = — i— _*</i -/*) 

-LtlCOi Ct>2 
_ (/>-/.) 

-4^/3 

hrom relation (4), values of £, and C a can be determined 

K(fi-A) 


..( 3 ) 



KiOjWt KAnf / 2 


Li=K*.C! 


C, 


1 


7T 


r /i/i 


C n ^(fl~fi) 

of /i and /,.**”** ° f L " L " Cl and c * ^ be calculated in terms 

4-7. BAND-ELIMINATION FILTER : 

frequency except those in ^specified b^df” deSigned to P ass a11 

A T section band stop 
niter is shown in fig. 14 

The series arm consist of a 
parallel resonant circuit and 
shunt arm consists of series 
resonant circuit. 

. z i represents total 
S"- ™ lm P ed ance and 

dance then pe 


ML 1 r-Jv 

z 1= Z^ c i 

j'wLj-f- 

Ju>Ci 

Zi=jioL t -f- r-L — y 



7 - ] ) 


Fig. 14 

r sect 'on band stop filter. 


ojC 


2 
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Now Z 1 Z i =ZJC 1 (If L 0 C 2 —L 2 C 1 ), 

The arrangement in this type of filter is also 
pass filters, i.e. 

7 7 — — — — = 

^^ 2 "C x ~C 2 

From the condition of passband 


same as 


band 


K 2 (constant). 


0 or — 1. 


From 

4Zo 


0, we get 


From ^ 
4 Z 2 



1, we get 

?L X C 


co Lj y w 2 

"(a»*L x Ci - 1) I* C 2 

r T /f ^ 


1) 


4. 


Putting L 1 C 1 =L 2 C 


2* 


2<~'2“~ 

% 

0> 2 L]C 2 



CO 


2 




1 



or 


or 


CO 


CO 


2 L 1 Co = 4 


CO* 2 

co 0 2 

co : 


1 



4 


or 


<*V 

4.. 


^1^0 — l r 

\<V 

'■a W 


1 


2 


av 
co o' 


i+1 ) 


4 — 8co 2 co, 2 - 2 


or 


4 co 4 


CO 


Co 

— 

C 2 


-f4co 0 4 = 0. 


\ 

rhe value of to 2 will be given by 

* \ t r / 


^ 8a; 0 *+O) 0 2 ^r^+4w 0 2 — 0 



(8 +C 2 /C 1 )± 
a, 2 [( 1 6 + C a / C x ) + C 2 , 

lo 

A 


co 0 

= 16 
_<o 0 

" 4 


p ^ 

[V(16 + C i /C 1 )±V(C 2 /C 1 )] 2 . 
[Vf^+Q/coiV^/Cj)]. 


V/ 

,/C 1 ±2\/ (C 2 /Ci).\/(16 + C 2 /< 
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0)1 


o> 0 

4 


ft) 

4 


W ( C 2 fc x + 1 6 ) + V^./C,)] 

~ [V (Q/C 1 ! +16 )— VCCj/Cj)]. 

If we multiply both the above 
equations, then we get 

a> l a) 2 = O> 0 2 . 

Thus the resonant frequency is thp 
geometric mean of two cut off frequen- 
cies given by equations (l)and (2) 

^nation ?f attenuation constant 

Thus the frequencies lying between 
^•l fre< I uenc y band are stopped 

Sowed “o e ^ OU,8We ' hiS baoa are 

Iterative Impedance of T section : 


0 ) 


..( 2 ) 



to, 

. CO 

Fig. 15. Variation of « with 

angular freouencv Al 



z 



and 


’ ( 5 -) 

__ 1 /r ^ 

4(^vnrn*f =* -l 

I. can be shown from equations (1) aid (2,?h« 

§-4 (a-5S) _ 4 /5b_w. 

Putting these values in the exn!U ^ 

n tne expression for Zy, we have 

^ ~ /1 - < yiK-o> n /o),^ ] 

(o>/a> 0 — coq/co) 2 J 

(n> 2 / oj 0 — a> 0 /Q) t y 1 

Therefore, when ' I 

a»=0, Z r =^ 


Zr-xy{, 

Zr-tf /ft 



•••( 3 ) 

...(4) 


a> 

to 

co- 


:( °i» Zt=0 9 

0>2, Z r =0, 

? r . is imaginary 
This variation of Zt with r 
quency is shown in figure \£ f 



i»W.nce wSh'Siaff,!^ 
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The values of various elements for bandstop filter can be 
calculated in a similar manner as for band pass filter. 

4 8 . DISADVANTAGES OF SIMPLE TYPES OF FILTER : 

Filters considered earlier belong to the class of ‘K derived’ or 
‘constant K' filters since their impedances obey the relation 

. . A Z 2 = * 2 , 

where AT is a constant, independent of frequency This constant K 
type filter suffers from two principal disadvantages : 

(0 Its characteristic impedance is not sufficiently constant 
over the pass band but varies with frequency. The filter, therefore, 
not be terminated correctly throughout the pass band. 

00 The attenuation does not rise very abruptly at the bound- 
ary to the transmission band. 


In order to overcome the inherent limitations of constant K 
type, Zobel devised a filter section which he called the /^-derived 
type filter Such types of filter give practically uniform chara- 
cteristic impedance over a large part of the pass band and at the 
same time increase the abruptness with which cut off occurs. 

A high degree of attenuation beyond the cut off or a constant 
impedance in the pass band demands a more complicated structure. 
If the constant K section is regarded as the prototype, it is possible 
to design a section to have the same impedance and hence the 
same pass and attenuation bands but with a different degree of 
attenuation outside the pass band. This may be done as shown in 
me following articles : 

4 9. m-DERIVED T-SECTION (Series derived filter): 

Suppose that T section, as shown in figure 17 has the series 
arm modified by some constant m. Ihen if this new section is to 
nave the same impedance Z T as the prototype, the shunt impedance 
must be modified in the same way. 


For the prototype section, 





, ZlZa ( 1+ 4Z 2 

t If for this new section 

A=mZ, and impedance i> 
A , then 

yw (•+§ 




r, 

7. 


2 


Z 



Fig. 17. 


Modified prototype 
T section. 


where Z 2 ' is the modified shunt impedance in the new section, 
k If A' is equal to Zf x then Z a ' must have the value determined 


ZjZ 2 
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i.e. 


ZJ 




+ 


i —m“ 


Zi 


...( 1 ) 


m \ Am 

and so^he derived T section as 
shown in fig. 18 has the same 
impedance as the prototype T 
section, m must always be 
chosen such that 

0 < m < 1 . 

Now we shall discuss the 

pass band limit in this type of 
filter. r 

Pass band limit : For pass Fig. 18 . m-derived T section 

band in prototype T section, we know that -^-=0 or —1. Con- 



sidering m derived T section, we write 


_27 

4 Z 2 ' 


2a_l_ 1 

m Am 

mZJZt 


m2 


4 


If 


4 ^= 0 , then 


[i+* 

[m 


m 


Also if 


Zi 

4Z, 


Z±_ 

42V 


try Z, 1 

*4Z 2 ] 


0. 


~ 1 • then i? 



1. 


..( 2 ) 


Thus pass band in m derived 7 section™ will be determined by 

. 1 

and 7 *r l 

4Z r= ~ 1 * * 

same as in the ?Se ofTonsTant Vt^ne 38 th° f w * d ? rived T section is 
prototype and m-derive d filter is thtfsame 6 CntlCal fre( l uenc y of 

nant at somT frequenc J° 0 f i a ^ a y that it is reso- 
above /„. This m^/th^ £*£ ^~n called/. 


h 

m 


and for low pass filt er 


Am 


m, z, 


1 


1 


m 


focjtxC 4/n ^ /» 




Filter Circuits 


95 


or 


/- 


1 


77V{(i-"» 2 ) ccy ...(3) 

We know that the cut off frequency for the low-pass filter is 

f 1 

Je ~, V(£C) ...(4) 

so that the frequency of infinite attenuation will be 

r _ f» 

■'““VO —m 2 ) • 

from which m = y/{ l — ( jjfoof}- 

This equation determines the value of m to be used for a 
particular 

Similar relations for the high pass filter can derived; they 
are /°°=/o VO - w2 ) ••-(-’) 

and m = ( f°°jfc) 2 } •••(6) 

The m derived section is designed by following the design of 
the prototype T section. 

The variation of attenuation over the attenuation band for 
low pass m derived section in the stopband is dependent on the 
sign of reactances or 

//] Z, \ .... // i Z 

- 2 “ h -y(k 

/- </ 

= — jioC for the prot< 


or a=2 sinh 





/e < y <Z fa o 
For Z 1 =jwL and Z, 


_Z| 

4Z„ 


mtoL 


4[ 1 imajC — o>L(l — m 


r )/4 m\ 


so that for /. < / < ( 


«=2 cosh -1 


mflft 


and for 


VH-JVU) 

f, 

mflfa* 


5 + 


Si 


«=2 sinh -1 — ~ 

V(/ 2 //~ 2 - I) 

From the above expre- 
ssion a may be determined. 

Figure 19 shows a plot of 9. 2 
* against///, for m = 0 6. ^ 

It is observed that /«, is 
equal to 1 -25 times the cut 
off frequency /,. The large 

increase in sharpness of O o-s to ts zo 

cut off for the m derived f/f c 

Section over the prototype Fig. 19. Variation of attenuation for the 
IS apparent. prototype and m derived section, 

, - , and the composite result of the 

lne constant p may be two in series. 


* ' + 
© 


ottiP° s Jl e - 

^ 7 t * 0 ' 6 
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determined in the pass band from 


(3=2 sin 



2 sin 


-i 




V { 1 — ( /*//«*) ( 1 — wt 2 )} 


.•*(7) 


In the attenuation band, upto 
fee, P has the value n. Above /« 
the value of (3 drops to zero, be- 
cause the shunt arm becomes 
inductive above resonance. The 
phase shift of the m derived sec- 
tion is plotted as a function of 
fife in the figure 20. 

The sharpness of cut off in- 
creases for small values of m, the 
attenuation beyond the point of 
peak attenuation becomes smaller 
for small nt. This emphasizes 

the necessity of supplementing 
the tyi derived section with a nrotrvtvnp . . . 

attenuation for frequencies well remote from cut 'off**™* l ° ^ 

4 10. m-DERIYED n SECTION FILTF.P 



Here we assume Z,' 


Z 2 


m and find the value of Zi, so that the 
° f " deriVed io “ “ *• same as ,ha, of a 




Fig. 21 (a) Prototype 7 c section. Fig 21 (h\ Mn^fi a 

Now if the * g * Z1 Mod,fied 7r-section. 

impedance, then ypeS ° f w ' sect »on have the same iteral 

it ^ _ 


or 




K f[ \ 

V VH-W.Z//4Z, j 


Z 1 ( l +mZ l 'l4Z 2 ), 
Z,Z t +Z,‘ («£). 
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Z 



—+J 1 V-™ 7 ) 

m 4m 


ZjZ 2 . 


z/ 


mZiAZi 


4Z 2 + Zi (1 w ) ' 


m 

Multiplying above and below by j _ m2 


mZ 


Zi 



4m 


Z 


mz, 


m 


4m 


.. (D 


y-.Z 2 +mZj 




9?2. -7, 
j-m* " 2 


(1 — m*) 

The above expression represents 2Z 2 
a parallel combination of mZi and m 

Z 2 . Therefore series and ~ . , .. 

\— m z ) Fig. 22. m-denved it section. 

shunt arm impedances of filter section can be shown as in fig. 22. 


2Z 

m 


Pass band condition : 


Z ' 

To find the pass band condition, we determine the ratio 


2V 

4Z 2 ' 


1 


(mZi 


+ 


1 - m 2 \ /4Z 
4m Zo 



m 


m 


2 


4Z 2 

Z x 


_L \z 

m m 


m 2 Z, 


?L-\ 

'4z 2 ; 


J-4.( 

m ' \ 


m.Zj/4Z 2 
1 — m a \ Z, 


m 


4Z, 


If §; 

>r§ 

4Z 2 


0, then 


1, then 


Zx' 


4Z 2 ' 

Z/ 

4Z ' 


0 


1 




...( 2 ) 


J 


We see that the condition of pass band in the case of T section 
and 7t section of m derived filter is the same. 

Condition of Infinite attenuation : For infinite attenuation 

Zi = co and Z 2 ' — 0. From Z x ‘ — oo, we get 

’ J _ 

1 1 —m 2 

mZx^4mZ a 
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1 l-m 


8 


mZ } 


+ 


4 mZ 2 
1 


0. 


far 


4Z 2 

Z, 


1 


m 


4 Z > w should be less than one. 


Therefore the condition of infinite attenuation in the case of T 
and 7r sections is the same. 

.. Th u . s wi-derived sections may be employed to give increased 
attenuation near the cut off point and by proper adjustment of the 
parameter m they can be made to meet any practical attenuation 
requirement, m-derived section in conjunction with ‘j^-derived* 
section overcomes practically all the disadvantages. 

4'11. m-DERIVED BAND PASS FILTERS : 

The /w-derived band pass network is shown in fig. 23. 




2C, 

_ 771 

— r CW5WT v — | 


2C, 



h-'Uo — «o 




FIs. 33 . »-deriwa band pMt Fig . 2 „ Reaclancf eury „ for am] 

Thp isliiint orm „ „ °fthe rn derived bandpass section. 

circuits, both in series nf^ resonant and antiresonant 

is shown in fig. 24. latlOQ of the shunt arm, Z 2 , of filter 

Here / 0 is antiresonant freauenrv of . . 

reactance curve for Z, shows that S °? m as a whole - The 

frequency above / 0 and against at shunt arm is resonant at a 

frequencies the network if short circuited ^ At these 

encies of high attenuation lted ’ and thus they are frequ- 

At one the reactance X. and 

so that ’ or are equal and opposite 


ia>« i 



i — m 2 







U u -° E s /m) 

j wC’g—tooo LJm) 

2 £.C,_ 

.. (1 





Fitter Circuits 


99 


In view of the fact 


L-yC^ — L^C^ 


% 

equation (1) becomes 

1- 


COn 


4 w 2 fj L 2 C v 


Xj= T f ~ L ‘ C " -(2) 

The values of L 2 and C x have been calculated in K type band 
pass filter, they are 

, * ( /. -/»> and c 

L ‘~ 4,./,/, a “ 1 4n 

. , _ * (. /, -/.) (/.-/.) ( /. - A) 8 

•• L = 1 '- 4,/, f, x 4*KJ\fl 1 

where fo 2,== fi fi 

Substituting the value of Z- 2 Ci in equation (2).. we have 


x 4rrK / x / 2 16 t7 2 / 0 « 


(1-m 2 )/ / 2 \ 2 

4 U 2 J 


4 —2 f 2 x ( /i /'-V ; 

4 “ ; °° X lbrc 2 /„* 


or (1 - m 2 ) ( / oo 2 -/, / 2 ) 2 =/- 2 ( A -/ a )“ • -(3) 

*) ;i;2_ ...(4) 

Solving for the values of the frequencies of peak attenuation 

, = i l( l - /izM +f r,\ 

\4( 1 — tri*) 1 /* *-(5) 

The first factor of equation (5) on right hand side is less than 
the second factor hence one value of /U will be negati\e which has 
no physical significance.' Thus the expression for /«> should be 
reversed so that the two frequencies of peak attenuation are 

f _ // (/i-/,) 2 , f f \ (4=£L 

■'"‘“V \4(l-m 2 ) ' hJz / 2 \/ (.1 —m z ) -^) 


/ 1 / 2 =0. 


...(4) 


foci 


nd /■__//( fl JV _i_ r 

Solving equation (3), we get 


^4(1— w-) ^ / 2 v/(l — 

(A-/ 2 ) 2 , , , < fi -/«) 


2\+/l/2^ + 


2Vll-»* 2 ) 


...(6) 


m 


y{ 




n 


Vf( Too 2 -/. 2 ) ( k 2 -CT 

./oo 2 fi J 2 •••(8) 

The value of m may be cho:en to place either one of the two 
hequencies of peak attenuation at a desired point, the other frequ- 
e ncy of peak attenuation then being definitely fixed. 


J f f .A 2 4- 2/, — 4m 2 f x fi — /i 2 4- 2/i / 2 —f* 

joo\ J ooo'-il — , 


=/i /a. 


4,1-m 2 ) 

Thus / u i s the geometric mean of the frequencies of peak 
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attenuation. If m is selected to place / M1 at a desired point, 
is automatically fixed and vice versa. 

412. ATTENUATORS : J 

Attenuators are resistance networks used for the specific 
purpose of producing loss, in known amounts, for all frequencies. 
Since the resistance offered by a resistor to the currents of different 
frequencies in it is independent of their frequencies (except at very 
high frequencies at which skin effect comes into action), they are 

best suited for producing same loss for all frequencies. ’ Such net- 

works can be designed to match two unequal impedances and an 
attenuation greater than a limiting minimum value. 


Let us consider an L-section 
attenuator and take that 2?, and 
/? 2 are the two impedances to be 
matched by it. 

We know, from filter theory, 

that 



V(Z l Z t +iZ^), 

Z x Zt 

Z T * 



When Zj and Z 2 are pure resistances then Z T > Z„. Now if 
Bi is greater than R t , then * 

*i=Z r . R 2 = Z„. 

Thus Z l Z t =Z 9 Z r =R 1 R i 

get uttlng Zt —&i and Z 1 Z 2 =R X R 2 in the expression for Zr, we 

iZ^=R^- Rl R 2 , 

Series arm impedance=5=IZ 1 


...( 1 ) 


And parallel arm impedance ~P=2Z»— 2 


R,R 


I ■*'2 


iz; 


BiRi 

S 


Zx 


( 2 ) J 


4 m 

arm sS and ** the shunt arm ' P ' and s.ries 

m o can oe calculated from equations (1) and (2). 

Now the loss produced by the L-section will be 


Input power 
Output power 




Thus, Loss=e Sy = 1 4- 


V{ 


E 2 I 2 


2t-+V{t+(2t )’}• 


a \2Z a ) /’ 

(from equation 12 art. 4-3). 


Filte r Circuits 


101 


Sinoe 


Z x Z x * 

Zj ZjZj 


A{R?-R X R,\ (Rr 

R 


R,R 


1 


2 



» 


hence 


Loss =1+2 

2 Ri 



1 + 



4 


i?o 


1 




2 /? 



i? 


1+2 




...(4) 


» 


Because L section has only 
two adjustable elements, it can 
not match two importances and 
produce required loss, though 
in matching R r and R 2 , attenu- 
ation produced is minimum. 

To produce any required 
loss by L-section iterative im- 
pedance termination is adopted. 

To secure required values, in this n 
ance and attenuation are adjusted. 


a. 



2* 


auvuuauuu ait aujuoivu. 

From equation (15), art. 3’0 iterative transfer constant p is 

given by 


ep 


or 


Z, 


Z b + Z,K 

zT 

z lK = 

e p — 1 


Z L 


e p — 1 


..(5) 


Also 


Z lK 


Z b ZrK 


Z b -{-Z l K 


or 

or 


Z 2 j K — Z X K. Z a — Z a Z b — 0 


Putting 


Z a (ZjK + Zfc)- 

Z 1 x+Zb=Zt > .e p 


Z\ K . 


Z 2 1j r:=xZl 2 in above relation, we get Z a .Z b e p *=Zj? 


But Z, 


Z L 


eP 


pfrom (5), therefore 


Za.~r.e p =Z L * 
€ 1 


or 


Z„ = Z h ( 1 -e-p) 


...( 6 ) 


, From equations (5) and (6) Z a *Z& can be calculated and input 
? lr opedance is also Zl so that we can easily design this attenuator. 

Lattice type attenuator . A lattice type attenuator is shown in 
figure 27. It is a symmetrical balanced four terminal network com- 
posed of two pairs of impedances arranged as shown in the 
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figure 27 (a). A lattice is like 
diagonal and output taken froi 


a 


II 


bridge with input applied at one 
other diagonal fig. 27 (6). 



Z/i — Zf g — Zi . 

Fig. 27 (a). 


Fig. 27 (*;. 


will be 


If terminals 2-2 are open, then the resultant impedance Z 0 

ji i 

Z 0 Z a + .Z& _ ^"z a -f'Z& 


• 7 


z a -\- z^ 


2 


V/hile with 2-2 shorted, resultant impedance Z, will be 


L_iM ,_L\ 

Z,-2\Z+Z t ) 


• 7 


2Z a Z b 


Now image impedances 


Z a -\-Z b 


z, =Z, =Z,=V(Z 0 Z 4 ) 



Z a +z s 2Z a Z 6 


2 ' Z«+ Z & 


Z,=V(Z a Z 6 ). 

And image transfer constant y is given 

Z, 4Z„Z 6 


tanh 2 y 


trom which it can be seen that 


Z 0 (Z a +Z 6 ) 2 ’ 


cosh y 


Z a +Z b 


Z b -z, 


and 


sinh y 


4 Z a Z b 

(Z b - z a y 

Further, cosh y=l-{-2 sinh 2 — Z a -\-Z b 




sinh i 



2 Z b -Z a ' 

Z„ 



cosh 


2 



25 

Z b ~z. 


...(7) 



7 
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Therefore tanh 


y® 


...( 8 ) 


From equations (7) and (8), it is obvious that 

Z a =Z/ tanh \ y 
and Z b —Zil tanh \ 7 . 

Thus if we are given y, image transfer constant, and Z/, val- 
ues Z fl ancFZj, can be calculated. The above relations are, thus, 
design fprmjflae for lattice type attenuator. 

NUMERICAL EXAMPLES 

esign a low pass constant K filter for 600 ohms line to 
'S spedch frequencies upto 2500 c/s, employing, 

(fi) T section ( b ) it section. 

For a low pass constant K filter, the product of Zj and Z 2 is 
independent of frequency, i.e. 

K Z = Z i Z 2 “V" L -fife = C 

The cut off frequency of a low pass constant K type filter is 

f — 1 

Jo t W^LC) 

't hus the values of L and C in terms of K and f c can be given 



as 


L 


K 


600 


6 


and 


C 


Trfo 

1 


3-14.250 

1 


785 


76 4 mH 


0-212 pF 


nKfc 15.10^.314 
With tnese elements two sections can be represented as 


58-2 mH 

<r5jrir\_ 


T 


*8 ?. TT)H 

snr&'i 



7 6 •?/ rnh 



„ . (a) /--section IP) section 

f H Fig. 28. 

2.\ Wa constant K band pass filter the ratio of the capacitance 
in the-Shknt and series arms is 100 : 1 and the resonant frequency in 
both arm\is 1000 c/s. Calculate pass bandwidth of filter. 

Given 0 and f % = 1000 c/s. 

C x 1 

W e know that in case of constant K band pass filter, 

fi=fo [VC 1 + Cj/Ca) + V(Ci/C,)]. 
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figure 27 (a). A lattice is like a bridge with input applied at one 
diagonal and output taken from other diagonal fig. 27 (6). 




Z/i — — Zj, 

Fig. 27 (a). 


Fig. 27 ( b ). 


If terminals 2-2 are open, then the resultant impedance Z 0 


will be 


1 


1 


+ 


1 


Z 0 Z a -\- Z^ Z a -\- Z b 

Z 0 -{-Zj 


* y 


2 


While with 2-2 shorted, resultant impedance Z, will be 


z. 2 [z+zj 


• 7 


2Z a Z b 


Wow image impedances 


Za + Zft’ 


Z/^Zj^Z^VCZoZ.) 



Zo+Z 6 2Z a Z ft 


2 Za + Zj 

Z; = V(Z a Z 6 ). 

And image transfer constant y is give 

Z, 4Z 0 Z 6 


...(7) 


tanh 2 y 


from which it can be seen that 


Zo (Z 0 -(- Zj,) 2 ’ 


cosh y 


Zo+Zj 


z„-z 


and 


sinh 7 


4Z a Z„ 
(Z 6 -Z a ) 2 

Further, cosh y= 1+2 sinh 2 — — 




sinh-i 



2 Z 6 - Z a * 
Z a 



/ 


cosh 


2 



z 6 -z 
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Therefore tanh l=J(%) ...(8) 

From equations (7) and (8), it is obvious that 

Z a —Zi tanh £ y 
and Z 6 — Z//tanh \ 7. 

Thus if we are given y, image transfer constant, and Z/, val- 
ues Z a and Z* can be calculated. The above relations are, thus, 
design formulae for lattice type attenuator. 

NUMERICAL EXAMPLES 

[ esign a low pass constant K filter for 600 ohms line to 
l ch frequencies upto 2500 c/s, employing, 

T section ( b ) n section. 

For a low pass constant K filter, the product of Zj and Z 2 is 
independent of frequency, i.e. 

K 2 = Z : Z 2 L = c 

The cut off frequency of a low pass constant K type filter is 

f - 

' l 'hus the values of L and C in terms of K and f c can be given 



as 


L 


and 


C 


K 

600 

- 6 —76 4 

Tl/o 

_ 3-14.250“ 

"785 

1 

1 

=0-212 mF 

TTKffi 

_ 15.10 J .3‘ 14 


H 


56 2mH *6 



76*4 rn H 



(a) T-section ( 6 ) 75 section 

^ Fig. 28. 

2.\ Vna constant K band pass filter the ratio of the capacitance 
meWunt and series arms is 100 : 1 and the resonant frequency in 
both arms, is 1000 c/s. Calculate pass bandwidth of filter. 

Given and / a =1000 c/s. 

W e know that in case of constant K band pass filter, 

/i=/o l VU Ci/Crfi + V (Ci/Cj)]. 
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and /a=/ 0 [Vd+CJCl-ViCjCj] 

Therefore pass band is 

/i-/ a =2./oV(Ci/C'«) 

= 2 . 1000 . 




=200 c/s. 

Calculate values of the elements of a T-section low pass 
g a characteristic impedance of 600 ohms and a cut off 
kilocycles per second. 


In a low pass filter the cut off frequency f e is given by 

f — 1 

•'* t W(LCY 




and characteristic impedance 

K 2 =Z 1 Z 2 . 


K 2 =ujL X 


...( 2 ) 


1 L 


(600) 


tuC~C’ 

c 

or L=(600) 2 .C. 

The cut off frequency /,=3x 10 J c/s : hence fro 

1 1 


...(3) 

equation (1), 


3.10 s 


C 


3-14V((600) a C 2 } 

1 


'3x 10 s x 3T4X600 
C=0vT77xl0- 8 Farad. 


3*14x600xC 

io- s 

5652 


Putting the value of C in equation (3) 

L=6Q0 x 600 x 0- 177 x IQ- 8 
=63-72 mH. 



a high pass filter for 600 ohms termination is required to 

ow 20,000 c/s. Compute the value of the shunt and series 
for T type filter. 


For a T type high pass filter, 

4- 1 


and 


-it 


4nV(LC) 

/ 

L 
C 


From equation (1), 


...( 1 ) 

...( 2 ) 


20,000 


1 


4tt\/(LC) 


...(3) 
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From equation (2) 


600 



L 

C 



...(4) 


From equations (3) and (4), we have 

1 


477 C 
1 

c 


= 600 x 20,000 

1 = 4 X 3' 14 x 600 X 20,000 



15172 


r 


e- 


C p F 

But each series element in T - section is 2C ; hence 

element is 0-0132 pF. 

K 


the series 


Now 


fc 


or 


L 


600 


4nL 

K 

= a7xJ c ~ 4x314x20,000 

0-00239 

2 39 mH. 


5 A constant K band pass filter terminated in 600 [ohms has a 
lower cut off frequency of 12 kc/s and an upper cut off frequency of 
123 kc/s. Calculate the values of the elements for a T-secuon. 


We know that 


aij =OJ 0 



and 


a) 


O>0 



Cx 

Co 


+1 ) + 

+ 1 )- 



• • • 



^tc.120x 10 3 — o)q 
27T.123xl0 3 =a> 0 



\M 


+1 )+ 

l 

+1 




( 1 ) 

( 2 ) 

.(3) 

.( 4 ) 


Now from equations (1) and (2), 

Ct7 1 + C72 ■y/{(C'x/C 2 )+l} 

V (Ci/Ci) 


oj 2 — o>i 

243 
3 

8 1 


JKa - 



■*§v 
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or 


6561 


!+ S ; 

C 1 


c . 


Cx 


6560. 


We also know that 


£lC| L 2 C; 


1 


1 


or 


h 

L% 

Lx 

C 2 


C 3 

£ 


V 123.120.4. 77 2 .10« 


...(5) 


6560 


...( 6 ) 


£ 2 =?600. 


From equations (5) and (7), 


...(7) 




3600 


or 


£x 2 


T23xl20x47r a xl0« 

3600 x C 2 /Q 


L 


L 


123 x 120x4n 2 x 10® 

6451 mH. 

Lx L x 6-451 


3600x6560 


123 x 120x 4w a x 10 8 


a 



Cx 


'C t !Cr 6590 =6560 =0 ' 98 
Lx 6-451 

^“"seoo -1 * 792 / * F - 
c 2 


6560 


= 53-9 ^F. 


2-303 


Thus 


Z„: 


io) — 90 ohms 



l. 


2 . 

3 . 

4 , 


rne iterative attenuation constant in nepers 

20 

= 8-686 
= 10 

z Ra—Z[, ( 1 — e~P) 

= 100 (1 
Z L 100 
e p ~l 10 —l 

Wh a . . EXERCISES and problems 

“ ln 

dances. p n and short circuit impe- 


11*1 ohms. 
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5. What do you mean by low pass, high pass and band filters. Calculate 

the iterative impedance in case of band pass t i Iter. 

6. What are the disadvantages of simple types of filter ? How are these 

removed in m derived filters ? 

7 What are attenuators? Describe lattice type attenuator. 

8. A constant AT band elimination filter is required to suppress frequencies 
between 1,000 c/s, to 2000 c/s and to have a terminal impedance of 500f2. 
Calculate the value of the elements of (a) 7-section and ib) a --section. 

9. A symmetrical filter section of the 7-type has series inductance of 

lOOmH and a shunt capacitance of 1 [if. Determine the cut-off frequ- 
ency of the filter. . . ~ 

10. Calculate the component values of a band pass lilter having cut-on 

frequencies of 3,000 c/s. and 6,000 c/s. and a terminating resistance of 
10 , 00 £?. Draw a circuit diagram showing the component values for 

(a) a 7-section ; and (b) a rr-section, 



THERMIONIC TUBES 



Thermionic tubes play important part in the operation of 
electronic equipments. Their development has facilitated advances 

in the fields of nnu/pr 


in the fields of power and trans- 
portation. In radio circuits vac- 
uum tubes are used as (/) voltage 
amplifiers, (//) power amplifiers, 
(w i detectors, (iv) oscillators, (v) 
frequency convertors, (v/) recti- 
fiers, (vi7) regulators, (vlU) modu- 
lators. We shall describe all these 
functions, performed by the vac- 
uum tubes in the next chapters 
of this book. The purpose of this 
chapter is to list the basic types of 
thermionic tubes and their fun- 
damental characteristics. 

VACUUM TUBES 

5 0. VACUUM DIODE : 

i vacuum diode is a two 

electrode vacuum tube. One elec- 
trode, called cathode, acts as an 
emitter of electrons. The emitter 
may be either directly heated or 
indirectly heated. The second 

StSSf* “ C u lled anode °r Plate. 

ftsTymboi! W “ 1,1 flgure 1 witi 



Plate 


j. , ^ a . P osltlVe voltage is aDDlied 

to the plate, the electrons emitted 



Cothod* 

F, ’g- 1 . Diode : structure and 
~ towards the 

-rent becon.es zero. The ,*3£?.£p& 


Thermionic Tubes 


109 


alteinaitng voltage is applied 
only for the positive half 
cycles of the applied voltage. 
This plate current, the 
flow being in one direction 
only, is called the recti- 
fied current. This pro- 
perty makes the diode 

useful as a detector and 
a rectifier for d.c. power 
supplies. 


to the plate. The plate current flows 



Fig. 2. Circuit diagram for 


vacuum diode. 


For full wave rectification, tube with two plates and one or 
two cathodes, called duodicde, is used. One of the plates is always 
positive with respect to the cathodes and thus both halves of the 

applied voltage are rectified. 

Figure 3 shows the circuit arrangement for finding the chara- 
cteristic curves of thermionic vacuum diode. 


In order to draw the charac- 
teristics, the filament current is 
adjusted at a fixed value and the 
plate voltage e b is increased in re- 
gular steps. The p>ate current is 
noted at each steps The observa- 
tions are repeated for other values 

of filament current Now the plate 
current is plotted against plate 

voltage as shown in figure 4. 



Fig. 3. Circuit of studying 

the characteristic 


of diode valve. 


Suppose the cathode temperature T x is constant, then the 
plate current increases along the curve OA as the plate voltage is 
increased from zero. In the region OA, the number of electrons 
emitted from the cathode is large than the number of electrons 
which can be attracted by the plate voltage. The excess electrons 
form a cloud in the space surrounding the filament which 
is known as space charge. This nega- 
tive charge retards the emission of elec- 
trons from cathode which in turn 
reduces the space charge . For a certain 
value of plate voltage, the number of 
emitted electrons is equal to the num- 
ber of collected electrons by the plate. 

The diode then operates at a saturated 

plate current If the cathode tempera- 
ture is raised to T 2 , the saturated Fig- 4 - plate current-plate 
current value also increases because of voltage characteris- 

the fact that at higher temperature of l i cs °f a diode, 

cathode, emission of electron will be 



*M UN 
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greater than at temperature 7\ and then there will be more elec- 
trons to reach the plate for saturation current. When the plate 
potential is sufficiently high, electrons are attracted by the plate as 
rapidly as emitted from the cathode. The plate current is then 
limited by the electron emission of the cathode and so depends 
upon the cathode temperature rather than the plate voltage. The 
portion OA , in which the plate current is a function of plate 
voltage is known as space charge limited region, while the 
portion AB, in which plate current is dependent on plate voltage is 
known as temperature limited region. 

51. VACUUM TRIODE : 

A vacuum triode is a three electrode tube containing an emit* 

ting electrode called the ‘cathode’, a control electrode called the 
‘grid’ and a current collecting electrode called the ‘anode’ or 
‘plate’, ibe basic structure is shown in fig. 5. The emitting 
electrode, may be directly or indirectly heated oxide cathode, an 
oxide-coated filament or a filament of tungsten or thoriated tun- 
gsten. The control grid is .in the 
form of fine messh screen between the 
plate and cathode. The electrode, 
being nearer to cathode than the 
plate, will influence the electrostatic 
field at the cathode to a greater 
extent than can the flow of current 
from the cathode. The grid is usually 
operated on a. slightly negative poten- 
tial so that the electrons will pass 
between the grid wires without hitting 
the wires themselves. 

Figure 6 shows a circuit arrange- 
ment for investigating the various cur- 
rent voltage relations in triode. These 
relations can be represented by a 

series of characteristic curves A 

variation in the plate current resulting from variation' 0 , f”” S e 
curen, controlling voltages, the other vVuS 


CATHODE 

AA/QOE 

CONTROL 
GP/D 

PLATE 

C.G/&D 



CATHOQ6 



Fig 5. Basic structure and 

symbol of vacuum 
triode. 



■*' S ' SSXriTWK ° b . la !“i"S the voltage 


current relation in a triode . 
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Figure 7 shows a family of curves for typical triode, where 
;ach curve represents a plot of plate current i b as a function of 
grid voltage e 0 for a fixed value of plate voltage e h . Because the 

curves show the effect of a voltage variation in one circuit, the 

grid circuit upon the current in another circuit, the plate circuit, 

they are known as transfer or mutual characteristics. 



Fig. 7. Typical transfer characteristic curves of triode. 


Figure 8 shows the family of other curves obtained by plot 
ting plate current as a function of plate voltage for various fixed 
values of grid voltage . The set of curves representing the current 
voltage relations in a triode are known as plate-characteristics. 



Fig. 8. Typical plate characteristic curves of a trioae. 
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51-1. TUBE PARAMETERS : 

Vacuum tube characteristics are often referred to as the para- 
meters of the tube. The most commonly used parameters are : 

(a) Amplification factor (n ) : This is defined as the measure 
of the relative ability of the plate and the grid to produce an equal 
change in the plate current, or 

change in plate voltage . ^ x . 

%ha F gi itt grid voltage fOT conste ”‘ value of plate current 



The negative sign appears because voltage changes in ratio are 

of opposite sign and p is a conventionally defined as the positive 
number. 

The amplification factor can be calculated from values obtained 
from the transfer characteristics of tube shown in fig. 7. We see, 
for example, that a change in grid voltage from ■ — 14 volts to —4 
volts is associated with a change in plate voltage from 300 volts to 

100 volts for a constant value of plate current (2m^4). The amp- 
lification factor will be 

= _ 1300 - 100 ) 

r* 


20 . 


t— 14— (—4)1" 

C ° r mos t triodes amplification factor ranges between 10 and 40. 

(k) resistance (r„) : It is defined as the resistance to the 

1 Y °‘ ~l ern ^ tin *? curre , nt offered by path between the cathode and 

P, ' • , 1S 1S t SO ca ' e< * ^e dynamic plate resistance or a.c. 

nnnii<»H e + IS J ts va ' ue depends upon the grid and plate voltages 
applied to the tube. The expression for r p can be written as 

„ _change in plate voltaee . 

* changeiFplatecurrent fo ‘ constant S rid voltage 


( d Jj\ 

\ di b )e c ' 


chanle h ta fr .°“ fi 8 - 7 - A1 10 volts, the 

iea with a change of plate voltage from 250 to 300 volts. 

Therefore, 

__ 300-250 ■ 50 

v (10—4) 10' #== ~6 , ^ S offros. 

= 8*33.1 0 3 ohms. 

Value of r^va^ies whTpoin° V of opemlon^ 16 range of °P eratiort - 

(c) Trans-conductance (a V The t 

may be defined as the , e trans-conductance of a tube 

8 C ratl ° of the change in plate current to a 
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change in the control grid voltage when all other tube element 
voltages are kept constant. Mathematically, 

dh 


Sm 




i ' 


where <//*= change in plate current, 
de C =change in grid voltage. 

The value of g m can be calculated from transfer characteristics 
(fig* 7). For example, for plate voltage e&=300 volts, change in 
grid voltage from 14 to —10 volts is associated with a change of 
plate current from 2 to 10 milliamperes. Therefore, 

g m — — mhos=’002 mhos 

Value of g m varies with the point of operation but variation is 
quite small over a considerable range of operation. 

Relation in tube constants : We know that amplification factor 


de : 


It can be written as 

de p dib 
~ di b ' de c 


It is obvious from g figs. ( 7 ) and (8) that the slopes of mutual 

and plate characteristics vary with the variation oi grid voi age 
and plate voltage e b . Hence the values of r v (plate resistance; 
an d g m (T ransconduciance) vary accordingly; however, ^remains 
almost constant over a wide range of operation, rig. (?) s 

the variation of n, g m and r„ with plate current for a fixed plate 

voltage. 






0 * 


) 


- p ig. 9. Illustrating variation of n, g m and r p with plate current i b% 

When the characteristic curves are linear, parallel and equi- 
s Paced, then for equal increments in the value of parameters, 
these coefficients are constant. In practice this is not true. However, 
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within the small range, 
constant. 


these coefficients may be taken as 


51-2. THE SHORTCOMING OF THE TRIODE 


(/) The value of amplification factor is relatively low. In case 
of voltage amplifier, the gain depends upon amplification factor n 
and hence a triode should have large value of /x. 

07) There exists three interelectrode capacitances between these 
electrodes. They are o') capacity between grid and plate, C BV ( li ) the 
capacity between grid and cathode C gjc and (///') the capacity bet- 
ween the plate and cathode, C v *. The effects of these capacitances 
&rc \ 


(o) at high frequencies, the large values of C gv and C Pk decre- 
ase tne gain of amplifier and hence the triode cannot be used at 

high frequencies. 


in<r xLu w ^ e . n a triode of high n is used as an amplifier thyi vary- 

the P late . an d grid circuit will cause an a.c. to flow 
t u- ® ,n *° ® r .'^ c >fcuit. Sometimes the feed back may cause 

acts as an o^UMor.' 1 *^ HenCe the tri ° de ’ inStead ° f amplifier ’ 

51-3 DYNAMIC CHARACTERISTICS : 

no load in plate 

nected in tw° Wn i & f statlc characteristics but when a load is con- 

dynamic rh nr l * pat f- c,rcai . t ’ fhe characteristics are known as 

dynamic charartpr' 8 !- 08 " • \ he cir ? uit arragement for drawing the 
dynamic characteristics is shown in fie. not 






+ 


too If 


,1 



arrangement for draw i“8 the dynamic «r 18 u C , 

cteristics of a triode volta e e OWo) chara- 

is connected in plate cirrnit 1S Q coas, 1 ? er t} ? a t a load R L (20,000 Q) 
is no plate current In thi« ? d l ^- e gr ^ ^‘ as * s suc h that there 
same as the p!£e sunoW u the P late Potential is the 

shown by a point A in fig*? 11 ^ 100 volts )- This situation is 


Now suppose that the V a, ue of grid b|as h ^ ^ ^ p , aK 
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current is 1mA. The voltage drop across the load is 20,000 x 
(lx 10~*)=20V. So the working conditions are now represented 
by a point B on 80V curve where i^lmA and e e =— 6V. 



e c Vo/fs 

Fig. 11. Plate current grid voltage characteristics 

Further suppose that the plate current is 2mA. In this case 
the voltage drop across load is 20,000 x (2 X 10~ 3 )=40 volts. Now 
the working conditions are represented by a point C od 60V chara- 
cteristic where j 6 =2mA and e e = — 0 6V. The line joining the points 
ABC is the dynamic characteristic corresponding to plate load of 
20,000 ohms. It is nearly straight line except at extreme and 

near A points. 

5 2. VACUUM TETRODE : 

Tetrode is a four-element vacuum tube. The elements are cath- 
ode, control grid, screen grid and plate. The additional grid known 
as screen grid, is similar in construction to the control grid except 
that it is usually somewhat more loosely wound. It is operated at 
a fixed positive potential with respect to cathode. This potential 
is ordinarily somewhat lower than the plate voltage. 

The two main functions performed by screen grid are : 

(i) It overcomes the space charge effect being at positive 
voltage, and thereby increases the plate current. Thus the screen 
grid reduces the effects of plate potential upon the space charge in 
tne iegion surrounding the cathode, so that plate voltage variations 
have no appreciable influence on the plate current. Therefore in 
tetrode circuit the control grid voltage will produce greater influ- 
ence on the output voltage variation. If we speak in terms of tube 
coefficients, the effect of additional grid is to increase ^.andr P . 


116 


Hand Book of Electronics 


It has no appreciable effect on g m , the trans-conductance 

tube. 


Platt 


Screen 
~ grid 


ontrql 

grid 


Cathode 



Platt 


Screen grid 
Control grid 


Cathode 


w w w 

Fig. 12. Basic structure and symbol of vacuum tetrode. 

SSR ^ 


emission. When the plate is less doS*' e ^ lsadvanta Se of secondary 

duce secondary electrons which cat ^°^ e stri ke the plate and pro- 
when ,hc plafe polential U w. a .'n e at,,aCted ,0 the **«"• Thus 

current increase, while the pla'e ctrem de'creSs"'*" 1, ‘ he 

f I 1 U A _• a . * 


shown in figure Th^ screen 8 charac f eristi 9 s of a tetrode is 

value (say 100 volts) and control IT'h pot 1 ennal e » is kept at a fixed 
“«er. Let first of a? e « i§ use d a Para- 

Plate voltage be gradual wTcrLS £?*!?! " a 0 volt a " d the 


plate voltage be gradually • kept at a 0 volt and the 

plate current / & and screen current / » ed 10 j teps ’ the corresponding 

P ? terU . ia L is changed (say by v 2 1 !^ Again the contro1 8 rid 


potential is changed (say by 2 vAltl? Again the contro1 grid 

peated. The curves are sh^n in fiiu /m TU ° bservations a ^ e re- 
It is observed that spSr current T'‘ nt >- <* also found. 
Figure ia ' ' “ * ,nd 'P™ d '"> <* Plate potential. 


Figure Id' . or pjate potential. 

tetrode having, a fixed screen^auL^of chara cteristic ? for a 

tor secondary Electron 1 em^Ifon h is quiteS 

Ihe plate, the plate current iM ease” fr , om <he surface of 

‘cases as the plate voltage is incre- 


- 


\*¥. 
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Fig. 13. Circuit connections for a tetrode. 



Fig. 14. | 6> 7 s and (i b + i t ) as a function of piate voltage. 

ased. When the plate voltage is further increased and yet plate is 
less positive than the screen grid, the curves show reduction in plate 
current. This effect is due to secondary electrons emitted from the 
plate by the impact of electrons coming to it with sufficient velo- 
city. The phenomenon is called dynatron effect. Although 
this is undesirable when the tube is u?ed as an amplifier yet it 
may be utilised effectively in case of oscillator. As the screen 
voltage is higher than plate voltage, these secondary electrons 
will be attracted by the screen grid and thus ir creases screen cur- 
rent at the cost of plate current But when plate voltage becomes 
higher than screen voltage, these electrons are returned back to 
the plate and thus plate current increases. 

5 3. PENTODE TUBE: 

The dip in the plate current curve, due to secondary emission 
limits the voltage-variaiion range over which a tetrode can be 

operated. To avoid the dip in the plate current curve, another 
electrode, called the suppressor grid, is inserted between the screen 
grid and plate which is kept at the cathode potential The secon- 
dary electrons because of the cathode potential of suppressor grid 
> are returned back to the plate and thus dip is eliminated as shown 
in figure 15 (6), representing the charateristic curves for vacuum 

pentode. 

Thus pentode is a vacuum tube having cathode, control grid, 
screen grid, suppressor grid and plate as shown in fig 15 fa). 
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Fig. 15 (a) Symbolic represen- Fig. 15 (*>) Plate characteristic of a pentode. 

tatiqnrof pentode. 

In normal operation the cathode is operated near ground 
potential, the control grid at a small negative potential, the screen 
grid at a relatively large positive potential, the supperssor grid at 
The cathode potential and the plate at the screen potential or a 

more positive potential. 

Circuit for obtaining the static characteristics of pentode is 
Bhown in fig. 16. Starting with zero voltage on the control grid 
and screen at 100 volts, values of plate and screen currents are 
noted as the plate voltage is increased from zero to maximum 
working value. The test is repeated for various negative values 
of control grid potential. The family of curves is obtained on 
plotting plate current against plate potential for various negative 

control grid potentials. 



Fig. 16. Circuit for obtaining the static characteristics 

of pentode. 



ris. 17. Pentode circuit for observing the etfect of suppressor grid 

potential. 
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To see the effect of suppressor grid voltage, it is connected to 
some voltage source fig. 17. Various voltages to the suppressor 

I j screen currents thus obtamed are 

plotted as a function of plate potential as shown in figure 18. 


The tube parameters for 
pentode tube are defined in 
the same manner as for 
triode or tetrode. Due to 
the high screening action in 
pentode, the amplification 
factor of the pentode is ex- 
tremely high, of the order of 
1000 or more, the plate resis- 
tance is also high. It can 
also be verified from the 
curves of fig 15 b. that they 
have very small gradient so 
plate resistance and ampli- 
fication factor are high. The 
value of g n is not markedly 
different from those of 
tetrodes or triodes. 



Fig. 18 . Static characteristics of 
pentode showing the effect of suppressor 

grid voltage 


Secondary Emission Ratio : The number of secondary elect- 
rons produced at an electrode is proportional to the number of 

arriving primary electrons and is affected by the electrode voltage 
and its surface condition Therefore secondary emission coeffici- 
ent AT. for certain anode potential and surface condition, is defined 
as the ratio of the number of secondary electrons, n„ emitted per 

Suond from anode to the number of primary electrons /!„, arriv- 
ing at the anode ” 


or N= — 

rip 

. For the determination of secondary emission ratio, suppressor 
pid of tube 6SK7 is used to collect the secondary electrons emitted 
rom the anode. The anode potential is fixed at a certain value 
(say 100 volts) and screen grid is given about half the potential 
ot the anode. The con rol grid is kept at cathode potential. 

u Ppressor grid potential is varied from —40 to 100 volts i.e. 
u pto plate potential. 

. The anode current and suppressor grid currents are plotted 
apainst suppressor grid voltage. The curves obtained are shown in 
agure 19 The straight part of suppressor current curve AB , CD, 

c are extrapolated as shown in figure 19. KL represents the 
Primary current to the suopressor grid and KP the total cuirent in 
le anode circuit. ML represents the secondary emission current. 
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ng. 19. Measurement of secondary emsision coefficient. 


electfonr second^ n lm WiU be ° f £ e . sarae ratio as the number of 
electrons, secondary emission coefficient N is given by 

LP * I 

If* the electrode surface | 

has been specially treated / I 

to resist secondary emiss- / I 

ion, N i e . the ratio of / I 

secondary to primary / « 

unity °beil m of rtf s H ha " •"* ewm / / 

“r o' 2' to of. order ^ / / 

/1N Y 8 * 8 , of Pentode. 

(1) As plate resistance and / / 

amplification factor are demote cutoff / / 

nigh, so a pentode can be pentode ^ / / 

used as voltage amplifier. / 

(2) Pentode can be / 

used as mixer or - frequency / 

converter. y — - — / 

<S fVC> VOLTS O 

pentode ( i.e ., keeping spa- 

and 8 cathode "mall 01 n8 ' 2 °- “ P r° de ^arac.eristic 

Pitch of the control grWwIres smam PCn, °f ‘ ^t5stte harp CU, '° ff 

amplifier or video amplifier in tSeriv* 11 be USed as a wideband 

(4) This can be used aal and radar ‘ 

PPfessor grid modulator. In this 


remote curort 

pentode. 


QRfO 


o 


PLATE MILLI AMPERES 
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** aPpHed at ^VP'^OT grid While 

u.ed for controMmg the pU, ThC SU P pressor ® rid is 

5*3-1. VARIABLE PENTODES (Remote cut-off pentodes) : 
adse C du?to°n d |^ lar Se-amplitude signals without distortion which 

Sincere amnSr ^ aS , shown in figure 2U > is squired. 

thecomrn^H 6 nfa ° r argClydepends on the spacing of 
Pitch b^wefn dW i reS - a n ° n : Un,form contro1 S rid structure (vary mg 

current Jut off wi,^ he V he control grid bias is increased, plate 
high u whilp r ^ach at the control grid end regions due to 

stm Dbrmil thJ L Cent r a 1 P ° rtl0n ° f the contro1 grid (low will 

will also red,- o fl Pa ^ , CUrrcnt A further increase in bias 
and Jon Jon f| lh tt flOW l e lectrons through the cental portion 
Thusfn^H y u e arrpificatl0n fattor decreases considerably. 

should be ve e r r y 0 hi 0 gh tam C ° mP ' e,e plate CUrrent cut -° ff ’ the bias 

amDhfvhfo 1 ^ C 'u U 'u’ Jt is desired to control the gain of the 

teWstic st^i P, by the Slgnal stren Sth. This variable n charac- 
c is helpful in providing such automatic gain controls. 

54 - BEAVI POWER TUBE : 

effec'Tnf 1 ct Ve s *. ud ' ed 'hat a suppressor grid is used to reduce the 
is a ‘ n /. condar y emission in pentode valve. Beam power tube 

pentode In 0t ? lr< l d€ W ' lich haS general characteristics of 
ae. In this tube the secondary emission is reduced by utili- 


Caihode Co/r/rv/ 



V/rfua/ 

Suppressor Ajrode 


D/sfa/jce x 

Fig. 21. Potential distribution curve of a beam power tube. 

sing ! he space charge between screen grid and the plate The ele 
rodes are spaced and designed in such a way that the space 
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charge at some point in the region between screen grid and plate 
reaches a very high negative value, thus reducing the potential at 
that point far below the plate potential. This low voltage surface 
acts as a suppressor grid and eliminates the effects of secondary 
emission. The potential distribution curve is shown in fig. 21. 

Beam power tube is designed so that the electrons move from 

cathode to plate in dense sheets. The effect is achieved by making 

the control grid and screen grid of the same pitch and aligning 

the grid wires. The electrode structure of the tube is shown in 

fig. 22. 




Fig. 22. Cut away view of the electrode arrangement m 

a beam power tube. 

screen is established « the region between the 

Lace TThitdrMP n W securing a high electron density in this 

as the suDDressor sbtet serves the same purpose 

between Sri l it? 1 conventional pentode. The potential 

condarv electron flnw'f &nd F ate 1S de P ressed enough so that se- 

* rid is oppressed. Since there 

persion around Sunnite Phenomenon of electron dis- 

rounding of the kne? of pTatf LaZTedstic's^S" ^ 

fig. l^lt^seetSart'he 81 ^ ° f * beam P ° Wer tube are shown in 

g seen that the curves are essentially free from secondary 
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Plata Volts 


Fig. 23. Plate current-plate voltage characteristics 

of a beam pt^ver tube. 


emission dips. Another difference from pentode characteristics is 
that the plate current rises more rapidly with plate voltage at low 
plate potentials. This is due to the relatively low screen current 
of this tube type. Beam power tubes are therefore highly efficient 
and are usable over a wide operating range. 


5 - 5 . 


CO EFFICIENTS OF SCREEN GRID, BEAM AND PEN- 
TODE TUBES : 


. . The constants required to define completely all the character- 
istics of the tube consisting four or more electrodes are large in 
number and can be divided into three types : the dynamic resis- 
tance of various electrodes (screen and plate), the mu-factor and 
the trans-conductance. 


1. Dynamic electrode resistance : The resistance offered by 
the electrode to a small increase in applied voltage is called dyna- 
mic electrode resistance. For pentode, tetrode and beam power 
tube, it can be written as 


Plate resistance r P =^ b ^j e Cl and e Cl constant. 

Screen resistance j e b and e Ci constant, 

'Jere e 6 , eCl and e Ca represent the plate, control grid and screen 
currems entlalS respeCtlveIy ib and ic * re P rcsent the plate and screen 
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Plate resistance of pentode, beam and tetrode under usual 
operating conditions is very high (of the order of mega-ohms* 
while the screen resistance is moderate (about four or five times 
the plate resistance of the same tube used as a triode). 

2. Mu-factor : In pentodes or similar tubes, the relative 
effectiveness of control grid and screen voltage on the pl^te current 
is represented as ji factor. To express mathematically, factor of 

electrode 1 relative to electrode 2 with respect to current in elec- 
trode 3 in a given tube will be 




fi = 

\de l ) I 3 constant 

where / 3 represents the currents of electrode 3. Generally in pen- 
tode, beam and tetrode tube, two ^-factors are of importance, one 
concerning the control of plate current and the other regarding the 
control of total space cur, ent by the control grid and screen vol ■ 
S T 8 m Jbf for , m ^ one >s called amplification factor and latter is 

cut ~°ff am plf cation factor because it determines the rela- 

off is reached d COntro1 gnd Potentials for which plate current cut- 

tance is ** In , a general wa V’ the transconduc- 

• ‘ S d d as the change of current to electrode 2 caused by 
the increment in Voltage applie<^to electrode 1, i.e. 

ft = d J± 

6 W ^ « 

from?oMro5 > s"id n ,VT, S ' :0n h U ? ■ nCe ,' even ln P ent °<f«. tetrodes is 

5 *• sir power and high 

sn2£ II3sf - 

design are: irequencies. The characteristics for the 

trode ^capacities 'and 

between electrodes must be quhe small ; ‘ he - - 

short lead°sofJdatWe P ?aTge dTam^ers^ou^d 

e r^S^toMiii^"iiMf emcnt * S ° aS faci,itate 

arrangement shouklVe* su ~ h ^ to high voltage, the structural 
insulation, and U1Q De su - h as to provide sufficient amount of 

stiay ( eleSron^fo^hkh^he end^of th^t 't®* there can be no 
closed. ca the ends of the tube structure should be 


to elec- 
spacing 
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..... Th ® ! ubes u . sed in P° wer amplifier must bear the correct caDa- 
Sl c / y H 0fd,SSlpa r tmg ?- ateandgrid Josses in Proportion to the 

o d u.pu, an0de With Safe,y mUSt be - -P--" to .S 

In power tubes, during operation, the grid current flows which 
erirf wi P° we r dl ? s 1 p ^ ° n at the grid of the tube. Consequently, the 

tantalum and molybdenum. ® ’ 


5 7. CATHODE RAY TUBE OSCILLOSCOPE . 

Now a-days cathode ray oscilloscope is uted for a number of 

purposes such as measurement of current, voltage, observation of 

waveforms of alternating voltages, recreation of television images 

as indicator in radar for usual presentation of target data such as 
distance, height etc. 

It consists of the following main constituents : 

1. Cathode ray tube. 

2. Power supplies. 

3. Time base circuit. 

4 Deflection voltage amplifiers. 

We shall discuss these constituents In cathode ray tube, the 
aetlection of electron is governed by electric and magnetic 
neids and hence we would first like to discuss the motion 
°t electron in electric and magnetic fields. 

S M - MOTION OF AN ELECTRON IN PARALLEL PLATE 

DIODE : 


(a) Zero initial velocity : 

im» Let ., fi 8 ure 24 show the simplest diode configuration hav- 
g parallel plates at a distance d apart. Let a potential difference 

e , ° ^ a fi ,r l tained bctween the two P Iates su ch that the direction of 
tivSu k d \ s . n the ne 8 ative ^-direction. As the electron is nega- 
ely charged, it tends to flow from cathode to plate. Our problem 

boundary ld otidUk>as°:' 0n ° f " U " dcr ‘ he follow,ng 

velocity of the electron y 

( dx _ k V.i 


v— 


dt 


V 


k and v=U when /=0 
We know thai the potential 
and the electric intensity E 
are elated by the relation 

dx 

0r dV= E dx . ...(I) 

Again the difference of po- 

*1^*1?* I s defined as the amount 


CATMOO£ 


PLA7Z 


JC-0 


OC*d 


X 


of Work Hnn aS amoUnt Fig 24. Motion of an electron in 

ork done in moving a unit parallel plate diode. 
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positive charge from one plate to another i.e., 

dV= V= - i" E dx*= -Ed 

Jo 

or E= - 

a 

9 

The force exerted on the electron having charge Q s ( 
coulomb) in electric field E will be 

F=Q e .E= — Q e -- 

But according to Newton’s second law of motion 

Force = mass x acceleration 

d 2 x 


-.( 2 ) 
l’6x 10" 10 


..( 3 ) 


F=mx 


dt 2 ' 


where m is the mass of the electron. 

From equations (3) and (4), we have 


...( 4 ) 


m 


d 2 x 


Q . 


v 


or 


d 

Q* V 


Also 


dt 2 
<Fx 
dt 2 m d 

cPy d*z 

dt t= 


dt 2 


0. 


Integrating equation (5), we get 


...( 5 ) 




...C 7 ) 


dx Q.. V 

v= - — — t4-C, 

dt m.d 

where C x is a constant of integration and can be obtained by 
applying the boundary condition i.e., t>=0 when r=0. The value 
of C x comes out to be zero. Hence 


v 


dx 

dt 


^ V -t 

f • • « 

m d 


Integrating once again, we have 


...( 8 ) 


-i e -^+c„ 


Again C 2 =0 as x=0 when r=0. 

Thus the distance traversed by the electron in time t is givei 


m.d 

0 as x=0 when t 


...(9) 


by 




Qa.V.t 2 

m.d 


...(10 


the electron to move from cathode t< 
Plate can be obtained by putting x=d and t=t p in equation (10J 
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i.e., 


d 


\ 


or 


Q*Vt* 

m d 
2m 


1/2 


d. 


t p and v=v v in equation (8), 


~Qe.V ) - ...(H) 

Similarly, the velocity v v with which the electrons strikes the 
plate can be obtained by putting i 

Qe V_ 

m d 

Substituting the value of t P from equation (11), we get 

_Q,V\l 2m 

m d 


i.e. 


v v = 


t 


V 


d. 




~Qe V 

2 Q a v y/» 

m ) •••(12) 

The kinetic energy with which the electron strikes the plate is 




v 


\mv v 2 — \ m x ( — ^ rV 

\ m 


QcV. 


• ••(13) 


For an electron Q e — — l’6x 10~ 19 coulomb, and 

m = 91 1 x 10- 31 K. gm. 
v P —5'9ix \0 5 .V il2 meter/sec. 

( v ) With a definite initial velocity in the direction of anode : 

Let v { be the initial velocity of the electron in the direction 
rom cathode to plate. The boundary conditions are 


dy , dz 

x, y> z > jT and are zero at time t 

at at 


0 


dx 

dt 


v t 


at time t=0 


Now from equation (5), we have 

d*x_ Q g V 
dt 2 ~ md 

Integrating this equation, we have 

dx_ _ Qe V 

dt m ' d 

where C a is the constant of integration. 

dx 

=Vi when t— 0. 


. t-\~ c 


a 


...(14) 


Now 

dt 

Hence C 3 =v ( . 

Substituting this value in equation (14), we have 


v 


dx 

dt 


Q* v , , 

md J+Vi - 


Again integrating, we have 

Qe V t* 


...( 15 ) 


x_ 'm- d~’ T+ Vi ,+C * ■ 
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But x=0 when t— 0, hence C 4 =0. 

. .. Qc V r» _ 


m ' d ' 2 


+ *'!*• 


v p may be determined by applying the 
tion of energy, i.e.. 


...(16) 

principle of conserva- 


t mv P * 


or 




QeV+h mv ,* 

2 QeV , _ 9 


+®/ 2 ] 


V m / 

Average velocity from cathode to anode is given by 


...(17) 




• . time of flight from cathode to anode 

• # __ d 

tp ~(v P +v,)/2 ...(IS) 

tn ^ Exam L pl f In ° diode, the anode is at 120 volts with respect 
cathode and spacing between the anode and cathode is 5 mm. 

rhp Z mg - ° n e i € 1 ct f on to be emitted with zero initial velocity , calculate 

? nd distance travelled after 0*4 X 10~ 8 second. Also cal- 

dirppti 1 B f 0Ve < i uanl ities if the initial velocity of emission in the 
direction of anode is 1 5 x 10' metreslsec. 

(.d) Zero initial velocity : 

The velocity v of the electron after a time t sec is given by 

Q„v 

V= — ~J __ f 

m d 

Now for an electron Q a =- |-6x 10" 19 coulomb, 

w=9*ll x 10~ 31 k. gm. 

According to the given problem : 

K-120 volts, </= 5 m.m. = 5 x 10” 3 meters, r=0 4x 10" 8 se 

. „_ l-6x 10~ 18 x I20 x 0 4x IQ- 8 

^ 1 1 X 1 U~* 4 x 5 x i0“ 8 
=1'69 x 10® meters/sec. 

The distance x is given by 

m d ‘ 2 •' 

- l‘6x 10~ 18 x 120x(0-4x IQ 8 ! 1 

y 1 1 X 10“** X 5 X 10~® X 2’ 

=0'338x l0~ s meters. 

lb) With initial velocity t> ( =15x 10® meters/sec. 

Q e V 
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and 


l'6x 10 _19 X 120x(0 - 4x 10“ 9 ) 

91 1 X 10 -31 X 5 x IQ -8 
319 xlO 2 meters/sec. 

_Q»v_t* 

m d 2 
l-6x 10~ 19 x 120x (0-4 X 10~ 8 ) 2 


+(1'5 x 10®) 


+ Vtt 


~ 911 x 10 -ai x 5 x 10 -3 x 2 

+ (1-5x10 6 x0-4x10- 9 ) 

= 0938x 10" 3 meters. 

Example 2. An electron starts at rest from the negative plate 
of a plane parallel capacitor, potential across which is 1,000 volts. 
The distance between the plate is 1’5 cm. How far has the electron 
travelled when it acquires a speed of 10 7 ml sec. If at this instant the 
potential on the plates is reversed in sign and changed to 1,500 volts, 
find the voltage against which the electron would move. 

We know that 



Qo) V 


m 


6 


-(I) 


The electric field strength 


E 


V_ 

d 


1000 volt 


l-5x 10 -2 metre 

Let the distance travelled by the electron when it has acquired 
a speed ot 10 7 m/sec. is x. Then 

„=/i 2j-e.) 


E.x 


m e 


or 


0 7 


2x l‘76x 10 u x 


1000 


1/2 


.X 


l‘5x lO -2 

Solving for x, we have 

x=0*42 cm. 

When the potential is reversed, the electron is acted upon by a 
retarding force opposite to positive direction of x. Now 

v 1000 0 42 

Ex= d~ x== l r yk io'* x ioo = 

Where E x refers to the electric field strength at a distance x 
from the plate. When the potential is reversed, the electron moves 
against a p.d. of (1500-280) 

= 1220 volts. 


280 volts 


> Example 3. An electron enters through a hole from one of the 
plates of a parallel plate capacitor at right angles to the plate where 
its motion is retarded by an electric field as shown in figure 24. Cal- 
culate the retarding fields to bring it to rest in a distance of 4 cm. 
U (a) the electron is travelling with initial velocity of 6x 10 7 m./sec. 
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( b ) the initial velocity of the electron corresponds to a kinetic energy 
of 100 eV. 

When the e lectron enters the plate it is acted upon by a retar- 
ding force in the opposite direction of x. The equation of motion 
is 


m 


or 


dfx 

dt 2 

dv 

dx 

Integrating, we have 

v 2 
2 


v. 


Qe E 

QjE 
m 


QeE 


m 


x-\-C. 


mm w w m 

Assuming that the electron enters with a velocity u, the initial 
conditions at f=0 are x=0 and v=u. 


C 


u 


2 


The velocity of the electron at a distance x from the left hand 
plate is given by 



V* 


. u 2 


2~ 

m 

X+ 2 

or 

« a = 

2 Qe 
m 

Ex+u 2 


(a) When x 


or 


4 cm., t>=0 and u 
2Q e Ex 

m 

mu * 


6x 10 7 m/sec. 


u 


E 


36 x 10 14 


\mu l 

u 


2 QeX ~ 2x 176 x 10 u x 0 04 
=256 X 10 2 volt/metre. 

(b) The initial velocity of the electron corresponding to 
100 eV is given by 

s 100 x Qe joules 
= V[2 X 1 00 x (Q«//n)] 

= V , (2x 100 x 176 xlO 11 ) 

— 5‘94x 10® ml sec. 

• mu * (5-94 xlO 8 ) 3 

2Q.X-2X 1*76 x 10^x0 04 
=250 KV/metre. 

Example 4. In a high vacuum parallel plane plate diode the 
spacing between the anode and cathode is 8 mm. A square wave 
alternating voltage of amplitude 1 volt and frequency 5 X 10 7 cycles/ 
second is applied between the electrodes. An electron starts from 
rest at the cathode surface at the instant when anode to cathode a.c. 
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voltage is zero and is going in the positive direction. Find (/) the 
velocity and displacement of electron from cathode at the end of 
first, second etc. half cycles and (z7) the velocity and time of travel 
of electron on reaching the anode. 

The square wave of amplitude 1 volt is shown in fig. (25). 



Fig. 25 


Half of the periodic time 

1 


10 -8 second. 


~ 2 x 5 x 1 0 7 
At the end of first half cycle i.e., at t x 


velocity 


v 


.t 


+ 


Qe V 

m d 

1-6X10- 19 


1 


X 


9-1 x 10' 31 ~8x 10“ 3 

= 0'22x 10 8 metres/second. 
Distance travelled during first half cycle 


x 10 -8 metres/sec. 


* 

i 


md 

( — l‘ 6x 10~ 19 ) 
91 x 10“ 31 


X 


1 


(8 x 1Q -S ) 


rsr x(10- 8 ) 2 metres 


= 1*1 mm. 


At time r 2 . velocity v 2 =0 and distance travelled 
x*=2x t = 2-2 m.m. because there is retardation equal to the 
acceleration during first positive half cvcle. 

Similarly, 

at time t 3 , r,=» 1 =0-22x 10® metres/sec. and ^ 3 =3x 1 = 3‘3 mm. 
at time r 7) v 7 =r, = 0-22 x)0® metres/sec. and mm. 

The remaining distance = (8— 7 - 7)=0'3 mm=3 x 10 -4 metre. 
For this distance, we have 


distance = 


o»y_ t* 

m d ' 2 


+v< t 


where f<=t> 7 
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l-6xI0" 19 \ 1 t* 

91 x 10- 31 )’ 8x 10“ 8 * 2 


8x 10~ 3 

_ , . +0-22x10 9 t 

solving this equation for t, we get 

t= 1 • 8 52 x 1 0 8 second or 0-1 474 x 1 0 -8 sec. 

The first value is inadmissible, hence /=0 1474x 10~ 8 sec. 
Now total time=7-l474xl0- 8 second. 

Velocity on reaching the anode 

(—1*6x10-” (- 1 ) 


9-lxl0“ 31 X 3xl0~ 8 


X 0-1474x1*-* 




Exai 


+(0*22x 10*) metres/sec. 

1*876 x 10 5 metres/sec. 

pie 5. In a high yaccum parallel plate diode > the distance 

1 /*/7 1 h i €i 1 D i « -i i • 


between anode and cathode is 1 cm. Between anode and cathode is 
applied a square wave alternating voltage of amplitude 1 volt and 
frequency 100 MHz. An electron starts from rest at the cathode at 

TJ?L tan J- an ? de t0 i ath ? d , e a c ■ volta 8 e is zero and is going in the 
P Z ™ directlon - . Fln f the position and velocity of this electron at 
. of J l 'Pos^e half cycle and (it) subsequent negative half 

hfiw'eo m a f S ° a ^, 0ve Q uc jntities if a 3 volts d.c. voltage is connected 

b “”tZ ™ 0de Qnd ? athode ( positive at the anode) in series with the 
square wave a.c. voltage. 

<?) jy i<h wave A.C. voltage only. 

f S 6 fre< l u . en cy of a.c. voltage=100 MHz, the half 
time period of the wave is 5 x 10“ 9 second. 

is givenbjf P ° SltlVe half cycle ’ tlie displacement x of the electron 


1 fe. K-.e 


i 


m d 

(—1-6x10-“) 


1 


(9 l x 1U" 81 ) 

, . =0-2199 mm 

velocity after first half cycle is given by 


x ( To=i} X ( 5xl0 "V 


t>= 


Q, 

m 


V 

d 


.t 


(-1-6x1 0-”) 
(9 1 x IQ' 33 ) 


1 


( 10 ~ 2 ) 

= 8-795x10* m/s. X(5xl0“*) 

and oppo^te rin f he 6 ?£? ative half cycle, the retardation is equal 
rvlio,? ' The dl ~ a ' ic travelled during this negative half 

during the end oSeco^d d “ r j ng ‘t* positive . ha,f c yde. Hence 

2x0-2199 mm— 0 4398 mm a fC J Cle i l ^ e u° tal distance covered is 

398 mm and ve locity becomes zero. 

( 2 ) With superimposed D.C. voltage 

hode < voltag“ n ,s 8 4voluw t hir, S H i ,''' half cy ' le ' the net anode «° ca <- 

is 2 volt h ' le durmg ne 6 at * ve half cycle, the voltage 
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During positive half cycle, the displacement is given by 


Xi 


i 

m a 

(-1-6x10-^ (5xI0 _ 9 

i (9-lXiO- 31 ) ' (10- 2 )* P ' 


=0‘8796 mm. 

Velocity at the end of positive half cycle 


Q 


1-6 xlO- 19 ) 4 

• 1 X 10“ 31 ) Xta-2 X ( 5 X I 0 


1 m' d <9-lxl(T 3 \) 

= 35- 180 XlO 4 m/s 

During the negative half cycle, the initial velocity 

Vj = 35' 1 80x 10 4 m/s 
The initial displacement x 1 = 0 - 8796 mm. 

Velocity at the end of negative cycle 

Qe V 

Vi== -m'd~ J+Vl 

=(l-76xl0 44 ) (1 ^ ) x(5xl0- 3 ) 

+ 35- 180 XlO 4 m/s 

= 52 77 XlO 4 m/s 

Distance travelled at the end of negative half cycle 

O V t 2 

**= ! Xt- t — I -Vit+Xj. 

m a 2 


=(1-76 x lO^X^. 

+(35-180 x 10 4 ) (5xl0- B ) + 0-8796 mm. 

=2-1967 mm+0'8796 mm. 

=3 0763 mm. 

5 7-2. MOTION OF AN ELECTRON IN A CONSTANT 

MAGNETIC FIELD : 

Let the uniform magnetic 

field be applied on the right hand 
side of the line OO' such that the 
flux density B is perpendicular to 
the plane of the paper in which 
the electron moves with a cons- 
tant velocity v. 

As a moving charge consti- 
tutes a cut rent, the moving elec- 
tron constitutes a minute electric 
current of magnitude (—vQ e ) and 
ls deflected by uniform magnetic 

field. The direction of deflection Fig. 26. Path of electron in uniform 
,s given by Flaming’s left hand magnetic field. 


V- 


OAtFOfrM MH6/VET/C HELD 

>- X X X > * * x , 


X x X X 


X X X x X 


* X X X X 


V* X x x x X X 

x x Jx.\ X X x X X x 

y * * * * x x * 

* X X. x V * x x x 


O' 


X X 


X X X Y. X M 
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rule, which is perpendicular to the plane containing the direction 
of the magnetic field. As the electron is deflected in a direction 
perpendicular to its instantaneous direction of motion, it describes 
a circular path. 

Since the force on the electron, due to the magnetic field is 
perpendicular to the direction of motion of the electron, no work 
is done by this force on the electron. Due to this fact the kinetic 
energy and speed of the charged particle do not change. 

The force acting on the charged particle is given by 

F=—BQ e v ...(1) 

where v is the velocity of the particle. 

The acceleration due to this force is v*/r, where r is the radius 
of curvature of the path. Further 


F 


mv 


w 

Comparing equations (1) and (2), we have 


...(2) 


mv 


x 


or 


BQ e v. 

mv 

We 


••( 3 ) 

As the velocity of the electron remains constant, Q e and m are 
also constant, the radius r is constant provided B is constant. Thus 
the path traced by the charged particle is a circle. 

Now 


angular velocity 


linear velocity 


CU 


Q'B A ■ , 

radians/sec. 

m 


radius of curvature of path 

v 

r 

The time period T for a complete revolution is 

T— — 2n _2 t5 

/ = 2rr/- w 

“(=57b) second - 

We know that for an electron 
m -=9*11 x 10~ 81 k. gm. 

C«= — l'6x 10 -1B coulomb. 
2x3-14x9-llx 10- 31 


• ••( 4 ) 


...( 5 ) 


T 


35 7 x 10-“ 


second. 


l‘6x 10~ 18 x B ~ u 

where B is the magnetic flux density expressed ip Weber’s per 
square meter. r 

Example 1. An electron moving with a velocity 10 8 meters per 

%% clX? ne,ICfield ° n msl ‘ ° f20 ‘ '° 'he y ZcZn of the 
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(a) the flux density so that the helical path radius be 2 meters, 

( b ) the time required to execute one revolution of the helical 

path, and 

(c) the pitch of the spiral. 

(a) The force acting on a charged particle is given by 

F=B (—Qo) v=m e a 

v 2 sin 2 9 
a= 

r 


• • 


m e a 


m e v 2 sin 2 9 
v 


B (—Qe) v sin 9 


or 


B 


m e v sin 9 9x 10" 31 X 10 8 sin 20 
rff—Qe)' 


~ 2xl6xJ0- 19 

=9 6x 10 _s wb./sq. m. 

(b) Velocity component perpendicular to the magnetic field 

v y =v sin 20 : '=10 8 X 0342 = 342x 10 7 m/sec. 
velocity component parallel to magnetic field 

v v =v cos 20°= IQ 8 X O’ 9 397 — 9 347 x 10 7 m/sec. 

2 v: trie 2n 1 3-67y10~ 7 sec 

T ~B ( — Q e )~9'6x 10" 6 X 1 '76 x 10 u 

(c) Pitch of the spiral = v y t= 


-v cos 20 x t 

=9 347 x 10 7 x 367 x 10~ 7 
=34-51 metres. 

Example 2. An electron is accelerated in an electrostatic field 
and then projected at right angles to the magnetic field of 50 Wb./ 
sq. m. as shown in figure 20. Calculate 

(i) the accelerating voltage so that the electron revolves in a 
path of 3 - 2 cm. radius, and 

(ii) the angular frequency of revolution. 

(i) We know that the velocity of the electron after emerging 
°ut of the electrostatic field is 



2 (-Qe) V 
m e 



=y/(2V.Vl x 10 u )= 0-593 x 10 8 V V.m/ sec. 
The radius of the path is given by 



# 


_ m 0 v 

r ~B( — Q 0 ) 

„ B{-Q e ) r 

% • V — 

0-593xl0 8 -v/^=50x 10- 3 xl-76xl0 n x0-002 

r50xl0- 3 xl-76xl0 u x0-002 
V ~[ 0 5v3 x 10 8 

=[29-7] 2 =880 volts. 
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(ii) W =L - QAL ^1-76x10 u x50x10- 3 

m e 

=88 x 10 8 radians/sec. 

5 7-3. MOTION OF AN ELECTRON IN ELECTRIC AND 

MAGNETIC FIELDS AT RIGHT ANGLE TO EACH 
OTHER. 

We shall now consider the motion of an electron in electric 

and magnetic fields at right angle to each other. Let the electron 

be situated initially at origin and at rest so that the components of 

velocity in three directions are zero. Thus the boundary conditions 
are 


(i) x=y=z=0 when 0 

(ii) v x =v y =v z ^0 when /=0. 

If the electron starts from rest in such a crossed electric and 
magnetic fields, first of all it will be accelerated in the direction of 
electric fields and then, with increase in velocity, gets deflected in a 
direction perpendicular to the plane containing the electric and 
magnetic field vectors. Let at any subsequent time v x , v y and v z be 
the components of velocity in X , Y and Z directions respectively. 
Considering the electric field along Y axis (potential increasing with 
+ ve Y) and magnetic field along Z axis, the equations of motion 

dv y ^ „ 

Q. E-BQ. v, (1) 

...( 2 ) 

...(3) 


are 


m 


m 


m 


dt 

dv x 

dt 

dv„ 

dT 


BQ e v 

0, 


and the velocity 
~BQ e v x will act 


because : 

(a) due to the existence of B in Z direction 
of electron in X direction, a force of magnitude 
in y direction, 

(b) due to the existence of B in Z direction and the velocity 
of electron v y in the Y direction, a force of magnitude BQ e v y will 
act in ^-direction, and 

magnetic co ™ p ? nent of velocity v, of the electron and 

S l direotion . 3 parallel to each other » there will be no force 


Fro: 


equation (1), we have 

dvv Q e E BQ e 
dt ~ 


where 


m 
QoE 
m 


m 


and co 


a 

and equation (2) becomes 


v x =a— ojv 

_BQ e 

m * 


X9 


-.(4) 
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dv x BQ e v y 
dt - 


m 


OjVy. 


...(5) 

• • civ 

Differentiating equation (4) and substituting the value of -~ 


from equation (5), we get 


d 2 v 


or 


dt 2 

d 2 v v 


to 


dv 

dt 


W 2 V v 


-fa> 2 Pj,=0. 


dt 2 , ~ ... ( 6) 

The solution of equation (6) is 

v y ~A 1 cos c ot-\-A 2 sin ojt, •••(7) 

where Ai and A 2 are constants and can be determined by applying 
the boundary conditions. 

When t = 0, v u — 0, then 

0 =A X 

.’. v y =A 2 sin wt 

Differentiating equation (8), we get 

dv v 

= A)OJ COS cot . 


...(B) 


dt 


From equation (4). when /=0, t> x =0 i.e. 


dv 


V 


in equation (9), we get 


dt 


...(9) 

a. Substituting 


ex — A oco or A o 


a 


co 


V 


y 


a 


to 


sin tot. 


...( 10 ) 


Integrating equation (10), we have 


sin wt dt 


a 


to 


cos tot + D 


When f=0. y= 0, hence D 


a 


to 


a 


• 9 


to 


(I— COS tot) 


• ♦ 


...( 11 ) 


The corresponding value of x, as obtained by integrating 

equation (5), is 


a 

CO 


(cot — sin cot). 


...( 12 ) 


The path of the electron is given by equations (11) and (12) 
and is shown in tig. 27. J 
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Fig. 27. Path of the electron In combined electric and magnetic 

fields at right angle to each other. 

5-7-4. CATHODE-RAY TUBE : 

This is a special type of tube among vacuum tubes which 

makes use of the geometrical form rather than the intensity of its 

electron stream and converts the energy of its electron stream into 
a visual indication. 

In physical size the ordinary cathode ray tube ranges from 3 
to 5 inches in diameter. The tubes operate-with a beam accelera- 
ting potential between 800 to 10,000 volts. The tube is evacuated 

to a pressure of about 10" 5 mm. or 10" 7 mm. of mercury. The 
electrode arrangement in a cathode ray tube is shown in fig. (28). 



_ ig- 28 . Cathode ray tube. 

Cathode ray tube consists of three basic components • 

the emitted itlZ™ ^ Which produces * accelerates and focusses 
tne emitted electrons into a narrow beam, 

c\ectricX ef ar Ct ^LZT m i\ ^ defl , ectsthe electron beam either 

,he ph— “ 

impinV./Sr 'a STS S Jgf ° f — — 

accelerat togelectr ode or^rid 61 ^ ° D 8 ” D cons,sts of a cathode, an 
lerating anode The bussing anode and a final acce- 

rounding the cathode The fii CS f re *- n ^ orm of cylinders sur- 
because they have a teTd" 
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mutual repulsion betwen one another. It is charged negatively 
with respect to the cathode by the power supply The applied 
potential can be varied as to control the rate of flow of electrons 
and thus, the intensity of beam is controlled. Electrons passing 
through it are repelled and consequently, are bunched together The 
first anode is made positive by the power supply which attracts 
the negatively charged electrons emitted by the cathode. 
The highly positive anode number two then focusses them into a 
thin dense beam, i.e. these positively charged electrodes serve not 
only to accelerate the electrons, but also to form them into a 
narrow them. 

Focussing : The convergent beam from accelerating electrode 
has a tendency to spread because of the mutual repulsion between 
the electrons. Hence some focussing device is required to bring 
the beam to a sharp focus at the screen. Two methods of focuss- 
ing most commonly used are : 

(a) Electromagnetic focussing. 

( b ) Magnetostatic focussing. 

(a) Electrostatic focussing : The anodes 1 and 2 (fig. 29 a), 
provide an electron lens system for focussing the beam into a 
spot on the fluorescent screen. Anode 2 is kept at a higher positive 



(a) Equipotential surfaces due to (b) Focussing action of the electric 
two cylindrical electrodes. field. 

Fig. 29. 

potential than anode 1 ; moreover final anode 2 also has a central 
aperture so to permit only a well defined beam to pass through 
it. The electrostatic field between them is shown by its equipoten- 
tial surfaces. 

Let the electron strike the equipotential surface normally at a 
point A with velocity t>, (Fig. 29 b). We know that a force is exert- 
e d by, the electric field on the electron which is given by — Q e grad V. 
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Grad V is acting normally to the surface at A hence the direc 

tion of the electron motion remains along the .Y-axis but it is 
accelerated. 


Now let the electron strike the equipotential surface at a point 
C with velocity v 2 . A force f 2 = — Q 0 grad V x acts on the electron 
in a direction CS normal to the equipotential surface V x . Due to 
tnis force, the direction of motion of the electron as well as velocity 

C T^, n ^ ec V ^e veIocit y increases and the direction will be along 
hu , s tpe P ath is some-where in between the direction of the 
initial velocity and direction of the force. In this way the beam is 

Dent towards the axis of the cathode ray tube as shown in (fig 296). 

1 focussing action of the electron lens depends upon (i) ratio 

» j iameter s of the cylindrical electrodes, and (ii) ratio of the 
electrode potentials with respect to cathode. 


f Magnetostatic focussing. The electron beam may also be 

C ^ a ma 8 ne t lc field achieved either by permanent magnet 

coinriH^ftL^^ 1 ^ u 11 t * lrou . g h a c .°d °f wire, the axis of which 

static foci r- th 1 r? ^ eam axis - This method is known as magneto- 

foclw 8 ‘ 9° accoun . t of the advantages of the magnetostatic 

where a g ^ er f eleCtrOStat L C focussing > it is used in television, 

orindnle t m/a CU t S T the - wh . ole screen is highl y desirable. The 
principle of magnetic focussing is shown in fig. 30. 


**>*7 fOCOSS!N6 COIL 


SCREEN 



Fig. 30. Focussing action 

of a short focussing coil. 



flECTRo/v path 

(b) End view 
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Deflection system : - Next to the focussing system, there are 
two pairs of deflection plates. One pair of parallel plates is kept 
vertical, while the other pair of plates is kept horizontal. The pair 




ELECTRON 81AM 
COMING DIRECTLY 

COWARDS CHE READEJt 


DIRECTION OP 
BENDING 


(a) Top view (b) End view 

Fig. 31. Horizontal deflecting plates. 

producing the horizontal deflection of the spot is called the hori- 
zontal or .Y-plates while, the other pair causing a vertical displace- 
ment of the spot is called the vertical or T-plates. The deflecting 
voltages are applied between the two plates of the pair concerned. 
Figure 31 shows a pair of metal plates that makes possible control 

of the electron stream in a horizontal direction. The plate Pis 

made positive and P' negative, the electron passing through them 
will be deflected (curved) towards the positive plate P . The resul- 
ts light spot will, therefore, move to the side screen. 

Fluorescent screen : To make the screen fluorescent, it is 
ooated with calcium tungstate, zinc silicate or some other material. 
When electrons of high velocity strike it, the energy absorbed by 
the treated sui face fluoresces or emits light so that a round spot 
glows on the screen, the colour depending on the nature of the 

screen material. 

5 7-5. ELECTROSTATIC DEFLECTION SENSITIVITY : 

th V * S ^ e ® ne< ^ as the amount of deflection (in mm or inch) of 
electron spot produced when a voltage of one volt d.c. is 

applied between the corresponding deflection plates. This is 
ifferent for X and Y plates. 

Fig. 32 shows the configuration of electronic deflection systems* 
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Fig. 32. Electrostatic deflection in cathode ray tube. 

Let the length of two similar plates = 

spacing between two plates : 

distance of the plates from the screen = 

voltage applied between the plates 
velocity of an electron when entering the 

field of deflection plates 

2 QeV a \ 

m ) 


- 1 , 
S , 
D, 

V a 


v. 


Now 


v 



..( 1 ) 

wb ^ e ~ e== 19 * s the charge on an electron in coulombs, 

m the mass of the electron and V a acce'erating potential applied to 
second anode. Here it is assumed that the emission velocity of the 
electron from cathode is zero. Substituting for m and Q t , we get 

v=5 - 94x 10V(K o ) m./sec. 

The force of attraction F, experienced by the electron in the 
electrostatic field towards the positive plate is given by 

Force=mass x acceleration = Q,E 


m 


or 


d 2 y 

dt* 

d z y 

dT z ~ 


Q 


Vj 

s 


where E~ 


V< 

S 


Q e JjL 
mS ’ 


. •• ( 2 ) 
T ,s mass of the electron =9-1 1 x 10~ 31 ke and 0.= - 1*6 

displacement’n?^ W i ith the he,p ° f ec > uation (2? the velocity and 
boundS? con^ c electr , on can be calculated provided the initial 

reaches at O whose coordinates are x=0 and y = 0 at r=-0. 


At the point O, v,^0 and v 



20 


m 
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v 


m.S 




Integrating equation (2), we get 

dy .. -Q e v d 

dt 

where C is the constant of integration. When t 
C=0. Therefore 

• d l= 

dt 


0 , v v =0 hence 


• • 


«£*. , 


m.S 


...( 3 ) 


Integrating again equation (3), we have 


y 


QoV d 


.t*+D 


2m. S 

But D= 0 as y — 0 when t = 0 so that 


y=- 


Q„V d „ 


2m. S 


- . f*. 


...(4) 


Equation (4) gives the displacement of the electron along Y 
axis at any instant. 

The distance travelled by the electron in time t along X axis is 

w.v.y*. 


x = velocity x time 


m 


.. 15 ) 


Eliminating t from equations (4) and (5), we have 


y 


QeV, 


x.*m 


K.x 


2m S ' 2 ( - Q e ). V a 4 ,S.V a ...( 6 ) 

This is the equation of parabola and hence the electron moves 
in a parabolic path between the plates. After the point T, it follows 
a straight path and strikes the screen at a point N, the tangent 
NT makes an angle 6 with the A"-axis. (fig. 22). 

From figure, tan 6= ^ 


(D + Il 2) 


...(7) 


We know that 


tan I 

aX'x_i 


From equation ( 6 ) tan 6 


dy 

dx 


V d .x 


Xmml 


2.S. V a 


Xwml 


or 




tan 6 2.5. Va 

From equations (7) and ( 8 ), we have 

d V d l 


#• 


.( 8 ) 


...(9) 


ID + ll 2 ) 2 .S.Va 

Deflection sensitivity =^- = ^-^- 7 ^- (D+// 2). 

r (J r Q 

Thus deflection sensitivity is 

(i) directly pioportional to the length of the deflection plates /, 
00 inversely proportional to the spacing 5 between the plates, 
v 1 0 directly proportional to (i/ + D), 
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(iv) inversely proportional to the anode voltage of the final 
stage 

5-7-6. MAGNETIC DEFELECTION SENSITIVITY : 

The magnetic field deflects the beam perpendicular to its 
direction of motion. The electron follows a circular path in the 
field (fig. 33). 



Pig. 33. Magnetic deflection system. 

Let the radius of the circle followed by the electron in the 

field=r metres. 

velocity of the electron =v metres/sec. 
mass of the electron=m k.gm., 

the centrifugal force on electron =^L 

_ _ r ' ...tf) 

given by 0nCe f exerted on tbe electron by the magnetic field is 

F= — B Q 0 .v sin 0, ..(2) 

where 6==magnetic flux density in webers/sq. metre. 

— angle which the electron path makes with the direction 
of magnetic flux. 

P e =charge on the electron. 

=90®, i.e. sin 0=1, then 

F= — B Q 9 v. —(3) 

Equating the centrifugal force to that exerted by magnetic field 

r 

r _ mv 

zq7 


ue 


-(4) 
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Now the electron follows a straight line path as shown in 
figure 33. 

Total displacement d=d x +d 2 . J 

The angular change in the direction of the electron alter pass- 
ing through the magnetic field is given by 9 ; then 

. / 
sin 9 ——, 


d l 


r—r cos 0 
r—ry/( 1— sin 2 9) 

-A-H- 


Also 


tan 6 


d ± 

D ' 

D tan 9= D 

D. - 
r 

V(l — sm l 0) 

Dl 


■y('4) 

Dl 

Vfr 1 -/ 2 )’ 


sin 0 
cos 9 


Now 


+ 


If/ 


9 d=r-r 1 + 

< < r, then / and ~ can be neglected. 


V(*-« 


Dl 


Now 


Dl 


DIB.Q, 


mv 


m 


A 


DlBQt 

2V a 


m 


Q») 


A 


DIB 


DIB 


A 


Q 


a) 


V(2F 0 ) 


..( 6 ) 


-(7) 


-( 8 ) 


The deflection per unit field intensity 

V(-0 e /"»)meter/weber 

called the magnetic deflection sensitivity 
Thus deflection sensitivity is 

(/) directly proportional to flux density B> length / and dis- 
tance D between screen and field. 
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voltael ) ^ V anH eI LS OP ? rti 10 the square root of the final anode 
voJtage V a and products of electron mass and its charge 

The important uses of cathode-ray tube are in radar 

usedSe c^parn^r" 8 - "boraTor^ 'SSZ™ £ 

iron. comparison of frequencies and plot of B-H curves of 

5 7-7. CATHODE RAY TUBE CONNECTIONS : 

Fig. 34. shows the connections for a cathode ray tube. 


T/ASS 


/A//*£/T 



EAfi7» 


' Show ' os <he “--“lions of cathode ray tub.. 

electrode andgrfd iTt^en^fro aCCe ^ erat ^ n ^ anode A u focussi 

proper voltages are anDlied USed as volta g e divid 

first anode can be controlled bv tf^ 11 ’^ p . otentlal applied to ♦ 

distribution of lines of force Vari . ed This varies 

anodes, and the focussine of thp u electr ° stat ic lens between 

voltage applied to A z , the size of tf am ta . kes p,ace - varying 
varied. 2 Slze of 11 - s P°t and intensity may 

of t4 n pl.^i?c? B ^Td^rS^ W L ft CRO °" e °f the , 

provides potential of variable frp Ult known as time base. 
aicordi : n„ he b Sp0 V 0n screen mows 

ps o 8 r d 

toY'tSS?*** at a u ” if °m 

then decreases suddenly to *xm*o 

initial value during one cvclp c- STKOfc * 
shown in fig. 35. e cvcle as Fig. 35. Saw-tooth waveform 

put from a time base genei 
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In successive cycles, this linear increase and rapid decrease 
are repeated. Frequency used in time base in a linear time base in 
which the spot moves in X direction from left hand side to right 
hand side with a definite but variable speed and flies back rapidly 
after reaching the extremity of screen. 

Time base : There are number of time base circuits : 

(1) Neon time base circuit. 

(2) Thyratron time base circuit. 

(3) Hard valve time base circuit. 

(1) Neon time base circuit : 


The simplest time base 
circuit, shown in fig. 36, is 
made by placing a condenser 
C across the terminals of a 
neon lamp N> charging the 
condenser through a resistance 
1£ from D.C. mains and dis- 
charging it through the neon 
lamp. 



Fig. 36. Neon time base circuit. 


When high tension supply is switched on, the condenser 
charges up through the resistance until the voltage across it reaches 
the striking value (150 volts) of the neon lamp. Now neon lamp 
glows which short circuits the condenser and hence it discharges 
through the lamp. The process is repeated again and again. The 
neon lamp flashing at regular intervals depends upon the product 
of the values of resistance, and capacity, and when both are large, 
the flashing rate will be low. The voltage across the condenser is 
applied to the X plates. When the condenser charges up, the spot 
on the screen moves slowly in the horizontal direction until the 
condenser gets charged and then due to discharge through the neon 
lamp, the spot is brought back instantaneously to the striking point. 
This sweep of the spot is repeated at a flashing rate of the neon 



Hg. 37. Generation of saw tooth voltage using neon tube. 
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lamp. The frequency of the time base can be calculated as follows : 
Figure 37, snows the charging and discharging of a condenser 
in time base circuit. The periodic time T is sum ofthetimeof 
charge T, and time of discharge or flyback period T,. As T % is 
very small in comparison to T x it can be neglected in calculation of 
periodic time. 

There is a definite striking voltage for neon to conduct. If the 
voltage is reduced, continuously, then at some stage conduction 
stops as ionisation ceases. This voltage is referred to as extinguish- 
ing voltage. These voltages are given as 

V,=E d . e .( \- e ~ tJCR ) ...(1) 

V t =E t . c .{ l- e ~ tJCR ) ..(2) 

where E d . e . is the voltage applied across condenser. 

From equation (1) 

E d . e . V 


-tJCR 

t? 

From equation (2) 

-tJCR 


E d . 


e* 


E 


d*e» 


Vs 


it 2 - h) ICR 


E d .f 

Ed.o 


V. 


• • 


E d .e. — Vg 


or 


( h-h)!CR 


TJCR 


Since T< 


and 



CR log# 


Ed.e - V, 


'Ed.g.-V, 

. „ s . een swee P voltage curve is not linear, so that time 
case circuit can not be used in commercial C. R. O. 

(2) Thyratron controlled time base : 

A thyratron controlled time base circuit is shown in figure 38. 

tial Jifv^ rreD V in , a is almost independent of plate poten- 

kd b^s C rcen P /nH CU ±, r . V ? U f ge k "? w “ as voltage. It is control- 

^ wh!rf. < X P o C,,0r . ^ * 1 char e e op linearly ,io the pentode 

above the kne- voltage** a* .a 11 tke P art ol ' ls anode characteristic 

^J'*'**' charges the condenser at a 


constant 
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potential is reached when the thyratron allows a discharge and then 
itself goes out of action since the discharging of the condenser has 
caused the slate potential to drop practically to zero. The charging 

+ 



Fig. 38. A thyratron controlled time base. 

action then begins again. In this way a saw-tooth waveform p.d. 
is set up across of which the period is decided by the capacitance 
C and the screen potential of the pentode valve. The striking 
potential of thyratron also depends on the potential of thyratron 
grid. A safety resistance is usually put in the plate circuit of the 
thyratron in the order to prevent it from passing too much current, 
which would damage the cathode by excessive ionic bombardment. 

(3) Prickle's hard valve ( vacuum tube) time base : 

Fig. 39 shows a simple time base circuit designed by Puckle. 
This circuit utilises the constant current property of the pentode 
valve and gives highly linear sweep voltage. 



Fig. 39. Simplified circuit of Puckle’s hard valve time base. 

The condensor C 3 charges through the valve F a acting as a 
resistance when conduting. The voltage across C 3 increases linearly 
'with time as the current through pentode F a remains constant. 
Consider that pentode valve F, is also conducting and it passes 
anode current through the resistance Ri. It is also assumed that at 
the begining the voltage drop across R, is much larger than the 
voltage drop across C 3 , then valve F 2 is cut off as the point A is 
directly connected to the cathode of valve F 2 . 


150 


Hand Book of Electronics 


When the condenser C 3 charges, the potential of the point A 
falls with respect to the point B and as the plate of valve V 3 is directly 
connected to the cathode of valve V 2 , this fall in potential is con- ^ 
veyed to the cathode of V 2 . Due to this fall in cathode potential 
of V 2 a current flows in it This current produces a potential drop 
across R 2 which lowers the potentials of plate of valve V 2 and 
suppressor grid of valve V x . This results in the fall of plate current 
ol Vi and the voltage drop across R x is reduced. Now the grid of 
valve V 2 rises in potential. This increases the plate current of valve 
V 2 and the cycle is repeated. 

Thus the grid of V 2 continuously rises in potential while the 
cathode falls, This cumulative action is very rapid and results in 
a heavy current through valve V 2 discharging the condenser Ca 
through V 2t This discharge continues until the initial condition is 
restored. The charge and discharge curves of condenser C 8 , so 
obtained, give a highly linear time base voltage. 

The different controls in time base circuit are : 


(1) Frequency control or velocity control : This controls the 
grid voltage of valve V z and thus determines the plate current. In 
this way this determines the charging rate of condenser C 3 and 
hence the frequency of time base circut. 

(2! Trigger control : The condenser C 3 discharges through 

Ro and variation of R 2 permits the adjustment of flyback. This is 
known as trigger control. 


Amplitude control : Variation of resistance R-, determines 
the voltage d r op across R x and hence the voltage upto which the 

condenser C, may chaige before flyback starts. Thus this determi- 
nes the amplitudes of time base voltage 


. Condenser switch : A number of condensers are connect- 

4 FaM? 0 !* 0 a and an ^ ° ne °^ tbern m ay be connec'ed to a point 
^weep voltage! nSer corres P onds to a definite range of frequency of 


mav be JZZ™w Z A i0n t u COn,r ° l : The swee P v <>ltage frequei 

s the power SUPI 

US^S OF CATHODE RAY OSCILLOSCOPE : 

Few of 'them ar^gSbeTow^ ^ be USed in a number of wa 

cope ( uused for rSreationVfimagS 11 receiver cathode ra y osci11 

(2) In Radar : In rad nr . 

giving the visual indication ;l Ca ! j ray osc iHoscope is used 
of the target such as aircraft * t0 cletect anc * to gi ve the positi 
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(3) Measurement of direct or alternating voltage : 

The deflection on a cathode ray oscilloscope screen is directly 
proportional to the voltage applied to the deflecting plates. First 
of all the screen is directly calibrated in terms of the known vol- 
tages t.e. the deflection sensitivity is calculated. The direct voltage 
to be measured is applied between a pair of deflecting plates. 1 he 
deflection produced multiplied by the deflection sensitivity gives 
the value of direct voltage. 

The alternating voltage of a sinusoidal waveform to be measu- 
red is applied between a pair of deflection plates and the length of 
the straight line produced on the screen is measured. Knowing the 
deflection sensitivity, peak value of the applied voltage can be 
calculated. 

(4) Measurement of direct or alternating current : 

We know that cathode ray oscilloscope is a voltage indicating 
device and hence current to be measured is first passed through a 
known resistance and then the voltage developed is passed to verti- 
cal deflecting plates. The horizontal plates are short circuited. The 
voltage is noted from the deflection on the screen. Current may 
then be calculated. 

(5) Study of waveforms . In order to study the waveform of 
alternating voltage, sinusoidal or otherwise, it is applied to the 
Y deflection plates and a time base voltage of suitable frequency 
and amplitude is applied to X plate. The waveform is then obtained 
on the screen. Now the frequency of time base is adjusted to some 
exact submultiple of frequence of the applied a.c. voltage such 
that a steady pattern is obtained. The number of complete a. c. 
voltage waves will be equal to the ratio ot the frequency of a. c. 
voltage to the frequency of time base voltage. 

(6) Measurement of phase angle . 

4 When one sinu c oidal voltage is applied to the X plates and 
the other to the Y plates, a Lissajous figure pattern is obtained on 
the screen. This pattern is a measure of the phase difference 
between the two voltages. Generally an ellipse is obtained when 



<p .. 71 cp< 571/2 ^> = 37J^ <P<2* 


Fig 40. Lissajous figures on the screen of C.R.O. 
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the two voltages are of equal amplitude and of the same frequency 
The orientation of ellipse with respect to coordinate axes depends 
upon the phase difference between the two voltages. To prove 
mathematically that the Lissajous pattern is an ellipse, let the 
voltages applied to the X and Y plates be e x =E\ sin (cof+0,) and 
e y =Ez sin (wt+0 j) respectively. These expressions can be written as 


e JL 

Ex 

£v 

E . 


sin wt cos 0i+ cos wt sin 0 X 
sin wt cos 0 a + cos tut sin 0 S 


..'( 1 ) 


...( 2 ) 

The equation of the pattern can be obtained by eliminating the 
variable wt. For this purpose we multiply equation (1) by cos 0a 
and equation (2) by cos 0 U i.e., 


e x 


...(3) 

...(4) 


g-.cos 0 2 =sin ait cos 0 X cos 0 2 +cos wt sin 0 X cos 0 2 

and ~ .cos0i=sin wt cos 0 2 cos 0!+cos wt sin 0 2 cos 0 X 
Subtracting equation (4) from equation (3), we have 

cos ccs ^ 2 =cos wt (sin 0 X cos 0 2 — cos 0 X sin 0*) ...(5) 

• 2 

Similarly multiplying equation (1) by sin 0 2 and equation (2) 
by sin 9i and subtracting the two, we get 


Y sin sin 0!=sin wt (cos 9 X sin 0 2 — sin 9 X cos 9 2 ) 

Squaring and adding equations (5) and (6), we have 


...( 6 ) 


p ^ 2 

. cry 




Ef+Ef E x eI C0S ( 0 i- 0 2)=sin a (6 X — 9 t ) 


...(7) 


This is the equation of an ellipse. The orientation of the ellipse 
with respect to coordinate axes depends upon the phase difference 

(0 x -0 2 ) between the two voltages. When (0 1 -0 l )=„/2 the prin- 
in figure 40 °“d»gni ime various cases are shown 

i ♦ difference between the two voltages can be calcu- 

lated with the help of the pattern of C R O k , * ® s . a ” be , calcU 
shown in fiaurp a\ Tt u by noting A and B as 

value of e when e is 7e rr* ^ n ? tet * that the distance B is the 

in equation (7), we* have ' erefore > substituting this condition 

B=E 2 lein^-A) 

in the same manner the value a is V 

therefore from the expressimi of! maxi , mum value of e v and > 

expression of applied voltage to Y plate 

A ~l e y\max = E 2 ...(9) 
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Solving these expressions simultaneously, we get 

sin (0i — 0 2 ) =- 7 - 

A 


. The phase angle <f> is given by 

^=(0i — ^a)= sin- 1 — 

(7) Measurement of frequency : 

The unknown frequency (voltage) is 
applied to one pair of deflecting plates 
and a known frequency from some 
variable frequency standard oscillator 
is applied to the other deflecting plates. 
The frequency of standard oscillator is 
varied until a single loop stationary 

pattern is obtained. The frequency of 

the sinusoidal voltage is then same as 

that of the oscillator. 


r 



Fig. 41. Measurement of 

phase angle. 


5 8. KLYSTRON : 

It is a special ultra-high frequency tube [fig. 42], capable of 
generating, amplifying and detecting radio waves ranging in 
frequency from 600 to 30,000 mc/s. Klystron makes use of the 
velocity modulation principle. They use resonant cavities as tuned 



Fig. 42. Cut away view of a two resonator klystron oscillator. 
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circuits and a velocity modulated electron beam to sustain the 
energy field within the cavity. 

A cut away view of a two resonator klystron oscillator is shown 
in figure 42. The electron emitted from the cathode aie accelera- 
ted towards the main body of the tube, where they pass through a 
tube and then through a set of grids in a cavity resonator. Because 
of alternating axial field existing within cavitv resonator, some of 
the electrons, while passing through the first 'resonator, are acce- 
lerated and some slowed down. This velocity modulation action 
causes the electrons to form in bunches by the time they pass 
through the grids of the second resonator. Due to the impact of 
the bunches on the grids, kinetic energy of electrons is converted 
into high frequency electromagnetic energy of the second resona- 
tor, The output is drawn from this resonator. 

5 9. MAGNETRON : 

The magnetron is a vacuum tube whose current is controlled 
by means of magnetic field strength. The tube is used for genera- 
tion of ultra-high frequency oscillations. With its special form it 
may oscillate at wavelength from 100 to 1 cm. 

Generally two forms of magnetron tube are used. Early form 
of the tube were of the split anode type. Modern super high fre- 
quency magnetrons are made in the form of a multianode cavity. 
The basic structure of such magnetrons is shown in figure 43. 



Symbol 



Anodt Cavity 

Output 


Cathode, 


Fig. 43. Multianode cavity resonator magnetron, 
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s' 018 ' Power is withdrawn byrne^f fcoup^ngToop ° f 

GAS TUBES P ' 

nication bufthe p la te cur re nt* i? § s ma if H t 1 Y l n rf d in commu ' 

gas filled electron tubes are J* f or “ d 

The introduction of an inert pn« 

low pressure about 10~ 3 to 10-s l UC “ as ar S on > or neon at a 

atmospheres, or a metallic vapour. 


Thermionic Tubes 


155 


such^s mercury markedly alters the properties ol the electron tube. 
When high velocity electrons move through the tube, the gas for 
molecules are ionized due to collision and as a result charged par- 
ticles are formed. These charged particles move under the inhuence 
of voltage across the tube and collide with other gas molecules. 
This produces further ionization. In this way a large number of 
positively charged ions are formed which move toward the cathode 
and neutralize many electrons constituting the space charge. Ihus 
the influence of space charge over the electron flow in the tube is 

reduced. 

In gas diode, when the plate voltage is sufficiently high (greater 
than the ionisation potential of the gas), a larger plate current is 
obtained. For a given plate to cathode potential, the plate current 
in a gas diode is much larger than it wou d be in a vacuum diode. 
Thus gas diodes are extensively used in a high power systems in- 

place of high vacuum tube. 

The gas tubes may be classified into the following categories: 

(/) Thermionic gas diodes. 

(ii) Thermionic gas triodes (thyratron). 

(Hi) Cold cathode tubes : 

(a) cold cathode gas diodes. 

(b) cold cathode gas triodes. 

(iv) Tubes using mercury pool cathodes. 

(a) Mercury arc rectifiers. 

(b) Igoitrons. 

(c) Excitrons. 

5 10. EFFECT OF GAS IN A THERMIONIC DIODE : 

The characteristics of a thermionic diode are altered even if 
the small fraction of a gas is present in it. The presence of oxygen 
and water vapour affects the cathode (/ e. tbey have chemical 
effects on it) and hence decreases its emission. On the other hand, 
the presence of mercury vapours and inert gases (helium, neon, 
argon, krypton and xenon) increases the current as the space 
charge is neutralised. Let us consider the tungsten filament tube 
with a small amount of gas in it. The plate voltage and plate 
current characteristic is shown in fig. 44. The curve 1 corres- 
ponds to the characteristic in the absence of the gas while curve 2 
refers to the current voltage relation with the gas at low pressure. 
With the introduction of more gas, the pressure is increased and 
the curve 3 shows the characteristic. 

It is observed from fig. 44 that in the presence of the gas, the 
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Fig. 44. Current-voltage 

curve of diode with 
varying gas pressure 


curve rises but reaches the same saturation current. Furthermore 
the plate voltage also affects the current. 

It is also clear from fig. 44 that 
the gas does not have any appreciable 
effect in the region OA where the plate 
voltage is less than the ionization 
potential of the gas The major effect 
of the gas is in region AB where, 
in the absence of the gas, the current 
is limited by the space charge. The 
neutralisation of space charge permits 
more electrons to reach the plate and 
the current reaches the saturation value 
at much lower plate voltage. The 
region BC is changed only slightly. v 

^ r ; ^ ® h ° u l d be remembered that the effect of the gas in region 

vacuumm!iw°f S not , mean u that there is no departure from high 

a deoarture must vo tages bel ? w ionisation potential of the gas or 

factors a u the lomsation Potential. There are other 

tactors which affect the characteristic in the region OA. 

511 GAS DIODES WITH THERMIONIC CATHODES : 
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the corners, and hence nlate n. ™ ove * n a H directions even round 
in vacuum tubes the plate ic vf e ? ^ 0tbec ^ ose tot he cathode, while 
reduce the spacechar' "fl&S? 08 * the cathode m order to 
plate current characteristic^ a h!!t Ur ® 45 . sbows the plate voltage 

1 refers to the vacuum tube whnA? ° ath ° de gas diode - The curve 
The nature of the curve is the's^mp CU ^ ve 2 » of the gas diode, 
plate current increases with ; n ^rl ame r S , ln a vac,1Uf n tube i.e. the 
that the ionisation potential of th^ 60 ^ 6 P late v °ltage. We know 
at this voltage, the ionisation of thP S ,sus . uall y 1 to 15 volts and 
current becomes maximum ac ic be J^ as ta ^ es place and the plate 

33 >s- indicated by the steep portion 
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of the curve 2. This is due 
to the fact that the posi- 
tive ions produced by the 
ionisation of the gas 
neutralise the electronic 
space charge completely 
and thereby eliminate the 
limitation of the flow of the 
current in the tube. 

Sudden increase in 
curve 2 may be explained 
as follows. At ionization 
potential, the ionization 
of few gas molecules takes 
place due to the collision 
of electrons with gas mole- 
cules. The electrons so 



A7£ VOL 7AGE 

Fig. 45. Current voltage curve 

of a gas diode. 


produced by ionization travel towards the plate ai d thereby increase 
the plate current. At the same time positive ions travel towards 
the cathode and neutralise the space charge. This results in a 
larger flow of electrons towards plate, larger ionization, further 
increase in current and further reduction in space charge. The 
process is cumulative. Finally, fully emission current flows without 
requiring any increase in plate voltage. 


In order to neutralise the electron space charge completely, the 
number of positive ions should be equal to the number of electrons. 
We know that the rate of emission of electrons is much larger than 
the rate of ion formation, even then the above mentioned condition 


is possible in a gas diode. This 
positive ion is much larger com] 
electric field removes electrons 
more quickly than heavy posi- 
tive ions. The current contri- 
buted by positive ions is 
however very small. 

Potential distribution in a 
gas dio e : The potential 
distribution in a gas diode is 
shown in fig. 46. Here it is 
assumed that the cathode and 
plate of the diode are in para- 
llel plane. The potential distri- 
bution curve for free space is a 
straight line and that for a vac- 
uum tube is such that potential 


is due to the fact that the mass of 
ared with the electron and the 



at any point is proportional to 
the (4/3) power of the distance 
of the point from the cathode 


Fia. 46. Potential distribution 

in gas diode. 
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i.e. it is expressed as K where K is. a constant. The positive 
ions increase the current, and the greater current increases the 
production of positive ions and so on, until positive ions are pro- 
duced at such a great rate that their charges tend to raise the 
potential at some point in the tube above the plate potential. 
Thus plasma is at higher potential to that of the plate due to the 
excess of positive ions. Under this situation, the current is no longer 

limited by space charge and the characteristic of the tube is the 
typical of gas tube. 


The interelectrode space in a gas diode can be divided into two 
regions. The first is OA and is called a positive ion sheath or cath- 
ode sheath. The second is the region AB and is called the Flasma. 
In the positive ion sheath, electrons emitted from cathode are acce- 
lerated by electric field and are projected into the plasma. The 
positive ions from plasma reach the sheath and are finally drawn 
to cathode. Due to the constant potential of plasma, the voltage 
drop across the sheath is essentially equal to that across the tube. 
This sheath voltage is often called the cathode voltage drop. 

The velocity of the positive ion is less than that of electron as 
positive ion is heavier. Due to this fact, the space charge in region 

... ls due to positive ions There is almost zero space charge in 
this region. 1 he-space charge neutralisation in the gas tube is res- 
ponsible for special type of electrode structures. 

The plasma may be thought of a mixture of (i) an electron 
gas, ( 11 ) a positive gas and (iii) a molecular gas The length of the 
plasma adjusts itself so as to fill the tube, except for the short 
space required by the positive ion sheath about the cathode. 

5 12. EFFECT OF GAS PRESSURE ON THE CHARACTER- 
ISTIC OF A GAS DIODE : 


diodJ!'„\hrfXwfng h thr g e a cw a ayr: 1S ' h ' charac ' erislics of the gas 
(i) the rate of evaporation of the cathode 

{ rV h u d u° P ° f V ° lt,ge While ^ducting current, and 
(in) the breakdown voltage in the reverse direction. 

tion of the catliode g3S ’ S !j' gb enou gh, the ra'e of evapora- 

temperature safelv If CS and cathocJ e can operate at high 

^"Tg^ow'or^rc clisdiarge'raai^take olacp' 6 ^’ 

the tube. Under these cim.Jfct of alternating voltage across 

directions and oe.w » W 3i 1 2: C t ? bc WU COnduct in bolh 

then the gas molecules mav u Wh I n the P ressu re is very low, 
charge. In this way for anv gas fifirH ® C il nt neutra,ise the s P ace 

verse voltage of the tube is vbich the allowable peak in- 
anode current is decrea^d. and be,ow which the P eak 
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In order to increase the inverse voltage rating of a gas tube it 
is desirable to reduce the gas pressure. Too low pressure is also 
undesirable because the ionization of the gas will be very small and 
consequently the number of positive ions required to neutratlise 
the space charge will be small. Thus for every gas field thermionic 
tube there is an operating range of pressure. 


In hot cathode diodes, generally mercury vapour is used 
because it lemains at an equilibrium pressure depending upon the 
temperature of the liquid mercury The pressure thus depends up- 
on the temperature of the condensed mercury vapour. The varia- 
tion of allowable peak inverse voltage and peak plate current of a 
hot cathode mercury vapour tube as a function of temperature of 
the condensed mercury is shown in figure 47. It is seen from tne 


figure that at a temperature about 80°C, 
the peak inverse voltage becomes very 
small (about 2 kv) and as the temperature 
is reduced to 25°C, the peak plate 
current becomes small. The peak current 
that may be drawn from the tube is less 
than the rated peak current of 600 amps, 
since otherwise the tube drop would ex- 
ceed the disintegration value of 22 volts. 

Mercury vapour pressure may be main- 
tained within narrow limits and thus 

f«S, VaP0,Ir ' S “ Sed iD high V ° ltaEeS Fig. 47. Variation of peak 
® T pNte current and peak in- 

lnert gases can be used in low volt- v-rse voltage as a function 

age gas tubes only where large varia- of condensed mercury temp, 
tion in gas pressure is permitted. In case of inert gases, the pres- 
sure does not depend upon temperature, hence they have an adva- 
ntage over mercury vapour tube. 

5 13. GAS FILLED THERMIONIC TRIODES OR 
THYRATRONS : 



to 4tT e<r JOo*C 

CQ#0£*J£0 MSAUXT rfA*> *c 


Thyratron is the commercial name for a thermionic gas filled 
triode. The configuration of different electrodes in a thyratrons is 
different than that in a vacuum triode. In thyratron the filament 
is either filamentary or indirectly heated. The plate is in the form 
of a disc of nickel or it is in the form of a block of graphite de- 
pending upon the current rating of the tube The grid is in the 
form of a cylinder surrounding the plate and provides an electro- 
static shielding between the plate and the cathode. 

Although the control grid in thyratron acts in a similar way as 
in vacuum triode but its control action is widely different due to 
the presence of the gas. When grid is highly negative, the tube does 
not conduct because the electrons flow and consequently, the gas 
ionization is prevented even at high plate voltage. Now keeping 
e P . * e voltage constant as the grid potential is varied in a posi- 
ive directions, a point is reached when the tube starts conducting. 


A£AK KX.&K A/ /CM 
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The plate voltage now reduces to a value equal to the ionization 
potential. The grid voltage at which thyratron starts conducting is 
known as cut off value. The ionization results in the abrupt deve- 
lopment of the plate current and the plate current assumes the full 
value limited by the external resistance in series with tube. When 
the tube starts conducting, the control grid loses all controls which 
may be explained in the following way : 


When thyratron conducts positive ion sheaths are formed 
around athode and negative grid, and the remaining space of the 
tube is filled with plasma. In plasma, the number of positive and 
negative ions are equal and the potentials is almost constant which 
is equal to the plate potential. The grid attract the positive ions 
of the plasma towards it and a sheath of positive ions is formed 
at its surface. Under the equilibrium conditions, the net charge 
in the sheath is zero because the total positive charge of all posi- 
tive ions is equal to the negative charge on the grid. Now through 
the plasma, positive ions flow to cathode and electrons to plate 
without experiencing any influence of the grid. In other words, 
the positive ions near the grid completely shield the electric field 

of the grid irrespective of voltage i e . grid has no effect on plate 
current. 


conduction in the tube does not cease even the control 
grid is made highly negative. The current flow can be stopped 
only by lowering the plate potential. When ionization ceases, the 
control grid regains its control and it must again be raised to 
firing point before a plate current flow can occur. The charac- 
teristics make the thyratron useful as a power switch, wherein a 
small impulse applied to the grid can control a very large amount 

■ Pj at . e circuit. A large resistance is included in series 

with the grid to limit the current in the grid circuit because due to 

the Dositive ions, the grid current may become quite large and 
causes wastage of power. 

In thyratron, once the breakdown occurs and arc is formed, 
the potential between anode and cathode falls to ionizing potential. 

. A. baffle or a number of baffles having small holes are intro- 
duced between plate and cathode. There are two ty pes of thy- 
ratrons : y 


(0 negative control thyratron : It has - only one baffle with 
large hole in it which is a part of grid. The breakdown occurs 
with negative grid voltage. This is shown in fig. 48 (a). 

Comro1 th y ratr °n : It has one or more baffles 
with large number 01 small holes so as to provide better shielding. 

figures (6) WQ ° CCUrS - When tne S rid is Positive. This is shown in 



Thermionic Tubes 


161 


The grid in negative grid thyratron controls the maximum 
* current density instead of average current density across its area. 
When the current density reaches at a critical value the tube fires. 
When there are a large number of holes in the grid of unequal 
size, then the current through the largest hole controls the starting 
and other holes play no part. Due to this fact thyratron grid is 
constructed in the form of a particular disc with a single large hole. 
For the same reason, the critical current density may occur along a 
path surrounding the grid disc instead of grid hole, hence thyratron 
grid is constructed as to surround almost either the plate or 
cathode. It is desirable that the grid should shield both the plate 
and cathode from the glass walls. If the grid shields only one 
electrode then space between the grid and the other electrode is 
influenced by the electric field produced by the charges on the glass 
walls. The charges are fluctuating and so influence the starting 
characteristics. 



(a) Electrode structure of a ( b ) Electrode siructure of a 
negative control thyratron. positive control thyratron. 

Fig. 48. 

Thus the difference between a vacuum triode and thyratron is 
that in a vacuum triode the plate current is controlled by grid 
voltage while in cases of thyratron, the grid voltage can only initiate 
, the arc and then loses its control over the flow of plate current 
after the arc is produced. 

The circuit arrangement for drawing the control cha- 
racteristics of a thyratron is same as that of a vacuum 
tube. For a particular value of plate potential, the value of 
grid potential required for conduction just to begin the 
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arc is known as critical grid 
potential. For negative grid 
thyratron, control character- 
istic curves with temperature 
as a parameter are shown in 
figure 49. It is observed from 
these characteristics that these, 
change with temperature. The 
temperature dependence is 
much pronounced with mer- 
cury vapour as the pressure 
of mercury vapour changes 
considerably with tempera- 
ture. 

Selection of a gas tube : 


*<! 

I 

* 



Gtf/0 WLT6£ AT STAtfT 

OF 


Fig. 49. Characteristics of a negative 

se ] e ° tin 8 a suitable thyratron. 

g a gas tube, following two points are kept in view : 

For this nnrnntH . s ^°y ld not react Chemically with the electrodes. 

°r pu /P° se inert gases are most suitable, and 

It is observed a . 1 suitable ionization potential of the gas. 
across the tuhe is w ^ n ^ gas is conducting, the voltage drop 
the ionization nr»f SU f- T or der of ionization potential and 

for high efficiencv eQ mp decreases with the atomic weight. Thus 
gases is preferred.^ cury va P° ur or one of the heavier inert 

hence they^re^uitahi^f ^ vap °Y r ca ? Carr y large current and, 
rectifiers. For Wh lndust f la ^ 1 applications such as controlled 

g peed working one of the inert gases is used. 

Ionisation and de-ionisation times of thyratron : 

current to reach '[of ^ or l ^ e P la sma to form and anode 

tage It is a fnnSoS ol , V l' ue al,er ,he »PPHcntion of anode vol- 

of the gas, and associated cimultTmi^ '°'. ,a * e ’ pres *. a I e 
several microseconds. f m a micro second to 

appear and gritTto'Tai l ec ! u ' re d for the plasma to dis- 

tagt 1, varies few after th; «moval of plate vol- 

nds. It depends uoon ea° nd r to severa l hundred nrcro-seco- 
ionisation time is small in tuhJ/ aCt ?£ S aS for ionisation time. De- 
positive grid thymron areVSf„ WUh sma11 8 rid holes and hence 
small de-ionisatron time. 8 Fa y used ^ or applications requiring 

5 14 lvtor t C ™ E GAS wode : voltage regu- 

d cathode (no heating arrangement for oathode) gas diode 
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or V-RTube is a common glow tube which is designed to keep the 
voltage across it constant irrespective of supply voltage or the load 
current variation. It consists of two electrodes in sealed glass 
envelope with neon or some other inert gas at a pressure of about 
OT m.m.of mercury. The cathode is a hollow cylinder which 
has large area and maintains the constancy of the operating vol- 
tage. The anode consists of a cylindrical wire placed along the axis 
of the cathode fig. 50 (a). The pressure of the inert gas is so kept 
ihat the breakdown voltage is only a few volt greater than the drop 
across the tube after the breakdown. To keep the breakdown 
voltage as low as possible a small wire projects out from the 
cathode to within a small fraction of an inch of the anode. Initially 

the breakdown occurs at the end of the wire and the anode . The 

projected wire is known as starter. The starter serves two purposes : 
(i) it reduces the breakdown potential ; so a low potential is requi- 
red to start the discharge, and (ii) it maintains the glow spot when 
the current is small. Once the discharge starts, it will spread to 
the other portions of the cathode depending upon the current. 



Fig. 50. Electronic structure- Circuit for finding the Current voltage charac- 

of V-R tube. characteristic of V-R teristic of V-R tube. 

tube. 

The circuit for finding the characteristic of V-R tube is shown 
in fig. 50 (b). The supply voltage E bb is slowly increased, and 
current through the tube as well as voltage across it are measured. 
Till the voltage across the tube does not reach the breakdown 
potential, the milliammeter shows zero reading. Near the break- 
down potential, a glow appears at the tip of the starter and runs 
to the cathode. Now the milliammeter shows a current. The 
voltage across the tube slightly falls from the breakdown voltage as 
is clear from 50 (c). In other words, the glow is initiated at a 
voltage slightly higher than the normal operating voltage. 

When the tube fires, the current in the circuit is controlled by 
R. Now R is slowly changed and current and voltage across tube 
are measured. The curve is almost a vertical line showing thereby 
that the tube is working in the grow region where the voltage 
across the tube is substantially constant. 

The tube finds application in electronic regulated power supply 
to provide constant reference voltage. The voltage that may be 
regulated by a V-R (150 \ tube is 150 volts. 
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515. TUBES WITH MERCURY POOL CATHODES : 

When large currents are to be conducted, mercury pool 
cathodes are used in gas tubes. The mercury pool is not itself a 
source of electrons but by means of auxiliary electrode an arc is 
started. The arc concentrates on a small bright spot which moves 
erratically over the surface of the mercury pool. The mercury pool 
serves two purposes ; (i) it supplies the electrons, (ii) it supplies 
mercury vapour through which the current is conducted. 




Figure 51 shows a tube with a mercury pool cathode. Nowa- 
days it is obsolete but due to its simple construction, we shall des- 
cribe it here. The tube is in the form of a large evacuated glass 
bulb with a pool of murcury (AT) which serves as the cathode. Near 
the mercury pool K there is another pool of mercury ( A ) in lower 
side arm known as the starter electrode. Initially there is no 

connection between these two mercury 

pools. The tube has two anodes of 

graphite sealed through the two arms of 

the glass bulb, and are situated at the 

upper side. When the anode voltage 

is applied the cathode is unable the 

supply the electrons. The supply of the 

electrodes can be carried out by the 

starting electrode A in the following 
ways : 



By tilting the tube, a contact is 
made between cathode K and start- 
ing. electrode A. Now a current 
limited by resistance R flows between 

cathode -starter circuit. When the tube 
is set m upright position, the contact 


H'|'-WVWr J 
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V 
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Fig. 51. Tube with mer- 

. « w - r -5 wuutt/t cury pool. 

ThTheat oflr^ e and Starter is broken and a sma11 arc appears, 
electron emission. The high velocity electrons on their wav to 

s siL *s 

mg about 30 to 40 amperes. 1 P t ftea a PP ear > each carr y- 

fig. 52 h The^aroSn be diSS?! *?u the arc of the tube » shown iD 

« oe divided in three parts ; the cathode sheath 
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(shown as region CM), the plasma (shown as region AB) and the 
anode sheath (shown as region BC). 



Fig. 52. Potential distribution in arc of mercury poo! cathode tube. 

The cathode sheath surrounds the cathode. It consists of 
electrons moving from cathode to plasma and positive ions moving 
from plasma to the cathode. The voltage drop in this sheath is 
about 9 9 volts. Since the work function of mercury is 4'5 volts, 
and hence about 4 - 5 volts is used up in liberating the electrons 
and rest 5 4 volts is used to accelerate the electrons to produce 

ionisation. 

The plasma in mercury arc is a region of low potential gradi- 
ent. It contains positive ions and electrons which are in equal 
numbers. The potential gradient is about 005 and 0 2 Ot per 
centimeter. The plasma chiefly serves a highly conducting rath 
for the main length of the arc. 

The anode sheath is a region surrounding the anode Very few 
Positive ions are found in ’his sheath and it has mostly electrons. 
The anode sheath has a high potential gradient. The electronic 
space charge surrounding the anode opposes the motion of elec- 
A trons from plasma to anode. The anode voltage drop is the 
principal reason for an increased over all arc voltage drop at high 

currents. 

The common types of arc tubes with mercury pool cathodes are 

U) mercury arc rectifier; (2) ignitron and (3) capacitron. 

5 16. IGNITRON : 

Ignitron is a single anode mercury arc rectifier with a pool 
type cathode. Figure 47 shows the arrangement of Ignitron. In the 
^ Ignitron, the cathode consists of a large pool of mercury at the 
bottom of the tube. The starter is the Ignitron whose tip is immer- 
sed in the meicury pool cathode. The Ignitron is a rod made of 
semiconductor such as boron carbide or silicon carbide which has 
a relatively high electrical resistivity. Mercury does not wet these 
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materials and form a mensiscus at the 
point of contact of the ignitron. When 
a current near about 25 amperes, from 
an auxiliary source of about 200 volts 
is passed to the pool through ignitron 
a cathode spot is formed at the surface 
of the pool. The tube is fired and arc 
is formed if the anode is positive. When 
an a.c. potential is applied between 
the anode and the cathode the arc 
should be extinguished in each nega- 
tive half cycle provided the arc is ini- 
tiated regularly. Ignitrons are used 
widely in controlling the heat current 
in resistance wel ers since the valve 
gives current in short pulses of large peaks. 



IGW/PO/V 





Fig. 53. 


Showing the 

arrangement 
of Ignitron. 
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5 17. CLASSIFICATION OF PHOTO ELECTRIC (light sensi 
tive) DEVICES : 

The function of photo-electric devices is to convert light or 
radiant energy into electric energy. There are three types o f photo- 
electric devices : [a) photo-emissive, ( b ) photovoltaic and (c) photo- 

conductive. 


(a) Photo -emissive devic< 
electrons takes place from the 
when exposed to light waves. 


: In this device the emission of 
surface 8f photo sensitive metals 


(b) Photo-voltaic device : This device generates power i.e., an 
e.m.f is generated when two suostances are in close contact and 
the boundary separating the two is exposed to light radiation. 

(c) Photo-conductive device : Devices which change their 
resistance by the action ot incident light radiation are known as 
photo-conductive devices. 

Ail three devices are used for industrial systems. 

5 18 PHOTOEMISSIVE CATHODES : 


The emission current from any metal is a function of the fre- 
quency of incident radiation. It is therefore useful to consider the 

r!lw Ve response for different wavelengths. Before considering the 
^.response, we would like to define the sensitivity. The sen- 

s SA n ! d m lC / mS of current P er unit of radiant power 
micro metal surface. This is denoted as microamperes psi 

Sthe ‘V C1 ? P ° Wer at a Particular frequency. Light 

from lOoTto energy havin - wavelengths ranging 

and infrared t0 which is in between the ultra viole 

w we come to the consideration of relativi 
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response for different wavelengths. Figure (54) shows the relative 



Fig. 54. Relative response of certain alkali metals. 

spectral sensitivity (emission current per watt) as a function of 
wavelengths for photo emissive materials which are genera y 
alkali metals. From this figure we can select the optical frequency 
band over which the particular material is photo sensitive. _ 

It is clear from the figure that cesium gives the best emission 
for visible radiation. The alkali metals are most commonly used 
for photo-emissive cathode because the frequencies a w ic 
emission takes place (threshold frequencies) lie in ie visi e pe 
trum. From Einstein equation of phoio emission we conclude that 

lower is the work function of the metal, lower will be the wave 

length of radiation which may cause photo-electric emission. The 
work function may be reduced by using composite surfaces and 
hence they are used for photo emissive cathodes. Tie prepar 10 
of surfaces of these materials involves evaporation of metal in 
vacuum to produce condensation of thin film on the cathode. 

Curves for typical surfaces are given in figure 55. 



Fig. 55. Colour sensitivity of several photo emissive surfaces. 

The surface shown by 5-2 is cesium-cesium oxide surface 
which has reasonable sensitivity throughout the visible region. The 
tungsten lamp operating at 2870°K such that its spectrum of radi- 
ant energy is that of a black body, can be used as a standard source 
for comparison purposes. The comparison with 5-2 surface shows 
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that S-2 surface is well adapted for use with a tungsten source. 
The 5-3 surface employs rubidium which has greater sensitivity in 
the blue end. 5-4 surface is of cesium which is highly sensitive and 
have peak response 20 times greater than the peak of 5-3 surface. 

5 19. PHOTO-EMISSIVE CELLS AND THEIR APPLICATIONS: 

Photo-emissive cells may be classified into two categories : 

(a) Vacuum photo cells : They are evacuated to a high degree 
so that the ionisation is almost absent. 

(b) Gas photo cells : A certain amount of inert gas at low 
pressure is introduced in the tube to increase its sensitivity. 

Now we shall discuss photo tubes. 

519-1 PHOTO TUBES : 

Photo tube is a two element tube. Cathode is in the form of a 
half cylinder coated with some photo sensitive material. Different 
light-sensitive materials for coating can be used to enable the photo 
tube to respond to the light of different colours or even to invisible 
radiations. The electrons are emitted when light falls upon the 


I 
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Fig. 56. Structure of one type of photo tubes. 

surface of photo-emissive cathode. The emitted electrons are then 
drawn to positive anode and thus produce a plate current. 

Photo tubes are classified as 

(i) Vacuum photo tubes. 

(ii) Gas photo tubes. 

Vacuum photo tubes : In such tubes type evacuation is so 
perfect that their characteristics are quite unaffected by gaseous 

ionisation but primarily depend upon the nature of the emissive v 

surface and upon the transmission characteristics of the vacuum 
envelope. Static current voltage characteristics of a typical photo 
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tube 917 for various levels of illuminationf are shown in figure 57. 
In fig. 58, curve of anode current versus luminuous flux is plotted. 




Fig. 57. Static current-voUage characteristics. 



L IQHT FLUX. L OMEN S 


Fig. 58 . Curve of anode current vs. luminous flux . 

Curves of both figures strictly correspond to the light from a tung- 
sten filament at a colour temperature 2870°/^. With the radiation 
of different energy distributions, the form of the curves is the same 
but current range becomes different. 

Solid curve in fig. 58 applies to all anode voltages above 
saturation. Dotted curves are for anode voltages below saturation. 


We see from fig. 57 that current-voltage characteristics are 
similar to those of a vacuum pentode, i.e. like pentode, vacuum 
photo-cell acts as a constant current generator. 
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Curves show that, even with the cathodes of high sensitivity, 
the current obtained from vacuum photo tubes are small. 

Gas photo tubes : In such type of tubes, some quantity of gas, 

which does not leact with cathode coating film, is introduced to 
increase the sensitivity. 

When photo electrons travel from cathode to the anode, then, 
in their way, they strike with some of the gas molecules. The result 
is the ionisation which splits gas molecule into a free electron and 
a positive ion. This free electron moves towards the anode and 
thus it ionises other gas molecules giving rise to move free electrons. 

Thef.ee electrons, thus released, pass to anode, increasing the 

effective current of photo tube. Positive ions are also drawn to the 
cathode and hence constitute a current. Therefore at every point 
between the cathode and anode current is increased, the amount of 
which depends upon the number of collisions per second between 

?pH h Kv!vf nCl an °? e ' In addltion ’ Photo-tube current is also increa- 

“?°“ dary e™ lsS| on arising due to the impact of positive 

photo-tube current is increased, is called gas amplification. 

gas ?’ mpl ‘Nation that can be realised in phototube de* 
anode voltsiop P ress £ re an< * the voltage involved. Increase of 

anode voltage increases the number of primary elections which 

make ionising collisions. With sufficiently high anode voltage the 

electron dueto^M^ ^ C °!! ision leafed f„e 

j ney to anode. The current increases very rapidly if the voltage 
is raised above ionisation potential of the gas. 

t h u s'^eat^ free^paf h S 

As the pressure increases, the number of collisions madT bv an 
pressure U ’° ' ncLSsfbu^f the 

sufficiently accelerated so as to gain° en 
0 & din cner gy to cause ionisation. 


t For the interest of the readers few definitions arc listed below : 

particular ^nerg^dh entirelj ^in'the^ visffile^ange^^ 01 ° f 

• - :-*?■ ~ ■ - — 

3. Illumina ion .s the density of the luminous flux on surface 

4. Luminous intensity is the inmino„ a urtace. 

to the direction divided by the solid anele r S UX ° n a smal1 surfac e normal 
subtends at the source of light The unit nf'i s' 6 ™ ' aDS ^ whlch the surface 

tWh„ alkali fj"™- » <• 

neon, argon, krypton, and xenon are filled n h ' 8ases hdium 

not react with alkali metals. the enveIo Pe since they do 
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Thus an optimum pressure, which is found to be 0*2 mm. of Hg, is 



rig. 59. 


commonly used in the 
gas photo tubes. This 
corresponds to a pres- 
sure of 268 dynes/cm. 2 
and a mean free path 
otU*23cm. The ratio 
of the sensitivity of the 
gas photo-tube at a 
given voltage and fux 
to the sensitivity ob- 
tained at the same vol- 
tage and flux without 
ionisation resulting from 
the presence of gas is 
termed as gas amplifi- 
cation factor 
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cation factor Fig. 60. Gas photo tube characteristics. 

In figure 59 anode current has been plotted against 
anode voltage and the figure 60 curve of anode current versus 
luminous flux is shown. Both curves correspond to the type 8 


gas photo-tube. 

The form of current voltage curves of figure 59 below 15 volts 
for gas photo tube quite resembles with the form of the same 
curves for vacuum photo tube [fig. 57] which in fact should be the 
case since a very little ionisation taken* place below 15 volts. When 
the voltage exceeds 90, a glow discharge may take place. The 
dotted curve in fig. 59, shows that how the breakdown voltage 

falls with the increase of fiux. . 

Disadvantages of using gas : There are three main disadvan- 
tages which affects the gain in sensitivity ; 
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( i ) Anode current is no more a linear function of flux. 

1*0 For voltage more than 90, glow may take place which is 
objectionable-due to two reasons. Firstly, it causes the current to 
be independent of illumination and secondly, it reduces perma- 
nently the sensitivity of the tube. Therefore anode voltage must be 
kept below 90. 


(iii) Because of the large mass of the positive ions the time 
taken for a positive ion to pass from the vicinity of anode to the 
cathode is appreciable. When the light source is cut off, the current 
does not drop to zero immediately tor there are still positive ions 
floating about between electrodes, i.e. there is a preceptible time 
lag m the response to a change in flux. In vacuum photo-tube 

pnoto-electric current ceases in less than 10a sec. after the illumi- 
nation is cut off and hence no time lag. 

Phototubes are extensively used for counting and sorting de- 
vices. They may be used in image transmission system for the 
conversion of light intensity variations into electrical variations. 

5 19-2. PHOTO ELECTRIC RELAY : 


The vacuum or gas 
filled photo emissive cell 
has high internal resis- 
tance and provides a 
high voltage and low 
current output. Due to 
this property, it can be 
connected in the grid 
circuit of an amplifier. 
Fig. 61 shows a simple 
vacuum tube amplifier 
where the photo-emi sive 
cell is connected in the 
grid. When no light is 



Fig. 61 . Typical photo tube relay circuit. 


may d be t adVs^d P i 1 nsul raiSSiVe tU u be ’ a P ote *tiometer in the grid 

When light strikes the photo emissive cel? rnn^ t ° t cau f v , the 

result, the plate current incrVaLTand ^ * 

polarly^' ptotSSve' ’celled wplii^T ,1* ch „ an « in « the 

to the grid that relav takes ni n ^ T P ?i!y ing lnitlall y suc h a voltage 
causes a negative grid signal and the plMfc^ren^lops^Say' 

5 PHOTOMULTIPLIERS (ELECTRON MULTIPLIERS, i 

The drawback of the photo tubes in a small plate current which 
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is about IO/iA. In many applications, like reproductions of sound 
recorded on the film, in television etc., the output current of a 
phototube should be amplified which can be done by using the few 
stages of amplifier The current may be amplified by the device 
called electron multipliers which is based on the principle of 
secondary emission. The multiplier tube has an average current of 
about 1 mA and can provide a gain or amplification of over 20,000 

or more. 

A photomultiplier tube consists of a light sensitive photoca- 
thode K, a system of nine or ten secondary emission electrodes, 
called dynodes D and a collector anode A, as shown in fig. 62. 



Fig. 62. Photo electric secondary emission multipliers. 

Each dynode is having successively higher positive voltage and is 
coated with a material (like silver magnesium) which have a seco- 
ndary emission ratio N from three to five. 

When light falls on photo cathode, electrons are liberated and 
are attracted towards the first positive dynode Secondary 

emission ratio, N electrons are emitted which are accelerated to- 
wards dynode £> 2 . D 2 is similar to D i and the potential diffe- 
rence between D x and D t is the same as the potential difference 
between D x and K. Thus the secondary emission ratio at D 2 is 
again N i e. N 2 electrons are emitted from D 2 . The process is 
repeated for other dynodes i.e. if n be the number of dynodes then 
one electron at the input will give N n electrons at the output. The 
output current is collected by the collector anode A. The current is 
thus amplified N n times 

Many electrons pass straight down the tube and thus reduce 
the gain. In the developed form the electrons are focussed 
successively on one target after another, thus preventing spreading 
of the beam. The dynodes and the collector anode are arranged 
along a circle rather than along a straignt line for economy of 

space. 



174 


Hand Book of Electronics 


A typical photomultiplier circuit is shown in figure 63. The 
use of the individual bleeder resistors between each dynode ensures 
a constant voltage ratio between them and the anode at all times. 
This is essential for maximum gain and stable performance. The 
high voltage can be obtained with power supply. Signal output is 
taken as shown in the figure 63. 



m Cornett 


Fig. <>3. Photomultiplier with full wave rectifier. 

5-20. PHOTO CONDUCTIVE DEVICES (PHOTO DIODES 

AND PHOTO TRANSISTORS) : 

Photoconductive devices are thin layers of semiconductors such 
as selenium, silicon, cadmium sulphide, lead suiphide etc, whose 
resistance d ecre ase s w i t h _ light^j p o u n t e d in a sealed glassr Modern 
units employ germanium or silicon in the form similar to point 
contact or junction diodes or transistor as shown in figure 64. 



Fig. 64. (a) Point contact. (6) P-N Junction. 

To understand the mechanism of photo current, let the light 
energy be allowed to incident upon the P-N or NPN junction. The 
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energy is absorbed in raising the electron from the top of the filled 
band into the conductivity band. Due to the escape ot the election 
from filled band a hole is left which may be swept out by the app- 
lied potential. Thus hole and electron are able to contribute to 
photo current. Fig 65 shows the simple circuit arrangement with a 
voltage E impressed across the photoconductive device and a resis- 
tor R in series. The photoconductive device is a junction diode 
with positive voltage applied to collector and the negative voltage 
to base side. With no light, the photo-diode has a high resistance 
which limits the current flow. When light falls on this device, the 
resistance decreases and the series current increases Current llow 
through R can be amplified for control. It is also possible to 
replace R by a sensitive relay which closes when the current flow 
increases and thus controls a larger amount ot power through re ay 

contacts. 



l r 





6 



Fig. 65. Photoconductive circuit. 

Under, perfectly dark conditions, there is no current in photo 
tubes while an appreciable current exists in photo-diodes or photo 
transistors. This is expected because some electrons from the im- 
purity atoms would exist in the conduction band at normal temper- 
atures and in darkness. These have been raised to conduction band 
from donor impurities by thermal energies, and produce conducti- 
vity in the dark. As long as 
the current is small, it will 
not interfere with the photo 
current. Fig. 66 shows the 
characteristics of a photocon- 
ducting cell as a function of 
voltage. 

From figure, it can be 
observed that the sensitivity is 
proportional to voltage applied 
across the device but -the vol- 
tage is limited so that no 
overheating and subsequent 

break down takes place. 
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Fig. 66. Approximate characteristics 
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Usually the current does not exceed a few milliamperes but it may 
be increased by suitable design. 

Germanium and other semiconductors give a response farther 
into infrared than is obtainable from photoemissive surfaces. 

5 21. PHOTOVOLTAIC CELLS : 

The photovoltaic cell generates an emf under the illumination 
of a barrier layer. This is also-called as ‘barrier layer cell.” The 
cell consists of layer of semiconductor on a metal base plate. 
Usually the copper oxide is deposited on the base plate of copper, 
or iron selenide is deposited on the iorn base. The circuit connec- 
tions are shown in figure 67. When the barrier layer is illiuminated 

<. ;gh7 


R 


Fig. 67. Photovoltaic cell. 

by light energy, current flows in the circuit which can be explained 

as follows : when light passes through the semiconductors, electrons 

may be raised to conduction band because they are given enough 

energy to pass across the forbidden energy gap. Thus electrons 

flow trom semiconductor to metal and conventional current flows 

in the opposite direction. The reverse flow of electrons from metal 

to semiconductor is prevented by the surface barrier s et up in the 

semiconductor. As long as the illumination continues, electrons 

continue to flow in the conduction band and thus resulting in a 
continuous current. 

?»gwe 68 shows the output -current as a function of illiumina- 
op.ii m T u° tca ,^ es ' These characteristics are in an iron selenide 
‘ii; e ce “ tes *stance is small and in sunlight currents of a few 
i * *fPf res may dow - It is clear from the graph that for exter- 
nal r £ S f C -^ Ua V? ZCro% thc circuit current is directly proporti- 
on in th* , . ncl ^ en t hght flux, but when the resistance is introdu- 

Clt ? ut ,lncar resu . U does not hold good. It is found 
„rntn * e/ ^v nd m J erna l resistance of cell are functions of tem- 
JL ' t and hence short circuit current is almost independent of 
p * urc changes. Cells of this nature are sensitive to high 
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temperature, for example 
the selenide cell is dam?.- 
ged if it operates above 

55 °C. 

The voltage genera- 
ted in photo voltaic cell 
is d. c. and hence the 
amplification by vacuum 
tube is not suitable ex- 
cept by chopper amplifier 
The output current may 
be increased by connect- 
ing the several photovol- 
taic cells in parallel, be- 
cause the total area and 
the total received light 
flux increases. They may 
also be connected in series 
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for working into high resistance loads. 

The advantage of photovoltaic cells over the photoconductive 
cells and photoemissive cells is that no external voltage source is 
necessary. But disadvantage is that the output voltage is small 
compared even with a vacuum photo tube. 

EXPERIMENTS 

Expt. No. 1 : To measure the inter-electrode capacitance of 
triode. 

In system involving more than two electrodes, it is possible 
for a capacitance to exist between each pair of terminals. Triode 
is a three-electrode system. The three capacitances existing bet- 
ween the different electrodes are shown in fig. 69, C av is direct 
capacitance between plate and grid, C Pk is direct capacitance bet- 
ween plate and cathode, C ok is direct capacitance between grid and 

cathode. 

Inter-electrode capacitance plays an important role at high 
frequencies, C vk is not very much effective since it shunts the inter- 
nal as well as external plate circuit but C ov is most effective because, 

by means of it, any action in the 
external plate circuit, can be fed 
back into the grid circuit thus 
makingt he tube, to a certain extent, 
a reversible four pole, the grid 
cathode terminals being considered 
a s two input poles and plate cathode 
terminals as the two output poles. 

Procedure : The direct , capaci- 
tance between a pair of electrodes ^ 

tn a cold cathode condition can be 3 Cathode 

measured by connecting the elect- Fig. 69. Ioter-electrode capa- 
r ode in the unknown arm of a citances of a triode valve. 
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capacitance bridge in the usual manner as for measuring an un- 
known capacitance. The third te rminal is connected to one of the 
two remaining corners of the bridge. The circuit arrangement is 
shown in figure 70. 


As shown in the circuit, the capacitance to be measured is 
C aP , and the third terminal is returned to corner B of the bridge. 


This causes capacitance C gk to 
be shunted across the oscillator 
where it cannot affect the 
bridge behaviour At the same 
time, capacitance C vc is shun- 
ted across the resistance R 2 . 
This requires the additional 
compensating capacitance C )y 
such that CJCp^RjRx in 
order to achieve the balance 
and maintain the bridge ratio 
at the value R JRy defined by 
the resistance arms. Thus 


B 



Fig. 70. Direct-capacitance measure 

ment by capacitance bridge. 


both C pk and C gk being remo- 
ved from the consideration, 
the direct capacitance C gv can 
be measured as an ordinary capacitance by substitution method, 
without the necessity of determining the associated capacitances 
Cgk and Cp k . 


Exp No. 2 : 
valve. 


To measure the dynamic 


constants of a triode 


Procedure : Simple circuit arrangement for me determination 
of the three constants, plate resistance, amplification factor, and 
transconductance are shown in figure 71. 

Triode is connected in an a.c. bridge circuit, P, Q, S are known 
resistances. 


(i) Plate resistance r p : Circuit is shown in fig. 71 t,«). 

The plate is kept at about 200 volts. Starting with zero potential 

on the grid, the bridge is balanced ana the values of P, Q, S are 

noted ; then the dynamic plate resistance is calculated from the 
relation 



For perfect balance it may be necessary to connect a capacit 
across Q or S to balance the valve internal capacitances. The t< 

♦J°V'* no “ s increasin g negative grid voltages. Curve 

lt t P' ate resistance to a base of negative 

voltage as shown in fienre n * 
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(a) Circuit for measuring dynamic plate resistance 



(b) Circuit for the measurement (c) Circuit for the measurement 

of dynamic amplication factor. of dynamic mutual conductance 

Fig. 71. Circuit arrangements for the measurement of dynamic 

tube constants. 

(ii) Amplification factor : A triode of high amplification 
factor is connected in the circuit as shown in figure 71 (6). 

4 Commencing with normal voltage applied to the plate and a 
lowmegative voltage applied to the grid, P is adjusted for mini- 
mum sound in headphone. This is repeated for various increasing 
values of negative grid voltage. At balance the amplification factor 
/a is given by ^ --=PjQ. 

The curve of amplification factor to a base of grid voltage is 
drawn as shown in figure 72 (b). Plate voltage is 120 volts. 

(hi) Mutual Transconductance : Circuit is shown in figure 
71 ( c). An audio-frequency oscillator of low output resistance is 
' connected in series with grid battery. Headphone connected 
should have resistance less than the impedance of the valve. 
The oscillator output should be kept low in order to prevent the 
grid from becoming positive at low values of negative grid 

potential. 
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(b> (c) 

Fig. 72. Graph illustrating 

(a) variation of r y, ( b ) variation of |i with grid bias, 

(c) variation of g m with grid bias. 

Starting with low value of negative grid voltage, R is adjusted 
for minimum sound in headphone. At balance, g m is given by 1 (R- 
The test is repeated for increasing values of negative grid potential. 
Curve of mutual conductance to a base of grid bias voltage is 
shown in figure 72 (c) . 

E xpt. No. 3. To draw the characteristic curves of gas photo 
cell 922*. 


*R. C. A. 868, 918, 921, 933, are gas phototubes while 9J7, 922, 923 are 
vacuum photo tubes. 
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Procedure. The circuit for sketching the characteristics curves 
of photo-electric cell is shown in figure 73. Instead of micro- 
ammeter a ballistic galvanometer is inserted in the plate lead of 
the cell. The photoelectric current is, therefore, recorded interms 
of deflection. 

Light from sources is allowed to fall on the cell through a 
shutter after passing through a filter of definite wavelength. The 
two characteristics are in figs. 74 and 75 : 



Fig. 73. Circuit for photo cell Fig. 74. Constant intensity c aracter- 


characteristics. istics of photo cell. 

(0 For first characteristics, we keep the intensity of incident 
light on the photo cell constant for which the distance between 
source and cell is kept unchanged. Shutter should also be of 
constant aperture. We vary the anode potential of photo cell and 
corresponding readings of photo current in terms of deflection are 
noted. The test is repeated for two or more distances between cell 
a nd light source. A graph, shown in fig. 74, between the anode 
potential and deflection is drawn for two or more fixed values of 
the distance between photo cell and light source. 


ifi) For second characteristics, the anode potential of cell is 
kept constant, while the intensity of incident light is varied by 

Vaivincr 


» — 

varying the distance between 
p e light source and photo cell. 
. r different distances, deflec- 
tions are noted. The test is 
repeated for other values, for 
different plate voltages, in def- 
lection and l/d 2 are drawn 
where d is the distance between 

eell and source as shown in 
fig. 75. 

No. 4. To determine 
e value of Planck’s constant 

the photo-electric work 
unction of the metal with the 
“elp of a photo cell. 


30 


5 0* 
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gb*®* cms . 

Fig. 75. Curves in 1 Id* and deflec- 
tion at different anode voltages. 
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Theory : Einstein in 1905 predicted that energy of the fastest 
photo-electrons would be directly proportional to the frequency of 
the incident light. He stated this in the form of the equation 

\mv 2 ma x-=hv — <f>, 

where m is the mass of electron, v max . is the velocity of fastest 
electron, v the frequency of light, h is Planck’s constant and is 
the energy required for an electron to escape from the surface of 
the emitting material. 

The energy Av of each photon depends directly on its frequency. 
A part of this energy, given over to an electron, is utilised in its 
removal from the metal surface and rest energy remains in the 
kinetic form. 


The maximum velocity Vma X with which the electrons are 
ejected can be found by putting a negative potential on the anode 
with respect to the cathode of photo cell (vacuum type) and deter- 
mining when no current is recorded by a series electrometer (in 
experiment we use a glavanometer). The circuit arrangement is 

shown in figure 76. If the negative retarding potential at which 
this occurs is F 0 , then 

V 0 e=\mv 2 max 

Since v max is a function of the frequency of incident light, 

therefore F 0 will also depend upon the latter. If we use filters of 

two different frequencies v x and v 2 , then Einstein relation can be 
written as 


hvt — Vo'e+fi, 
h* 2 =V\e+<f>, 

where F 0 ' and Vf are retarding potentials for light of frequencies 
and v 2 respectively. If we substract the second equation from 
first. w r e get 


h (v 1 -v 2 )=(F 0 '-F 0 '). t , 

hdv—dV 0 .e, 
h AV 0 

e dv • 

In electrostatic units, 

e 30bdv" 

If we calculate JF 0 corres- 
ponding to dv, the value of 

Planck’s constant can be known 
readily. 

Procedure : The circuit arran- 
gement is shown in figure 76. 

The different retarding potentials 

are given to the anode of the 
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photo celL A galvanometer is inserted in the circuit to indicate 
the photo current with different light filters. The corresponding 
retarding potentials for no deflection in galvanometer are noted. 

The critical retarding potentials, proportional to the maxi- 
mum velocities of electrons, for sodium are plotted against the 
frequency of incident light as shown in fig. 77. 



6 8 10 
Fre<^uenc c/ of Incident LLyht 

= 4 ’ 39 - 1 0 * 

A 0 s 6800A 

Fig. 77. Determination of Planck’s constant. 


From the equation, 


V 0 e 


hv — cf>. 


it is obvious that graph plotted in retarding potential V 0 , and 
frequency v of incident light will be a straight line. From this 
straight line, value of AV e corr esponding tc Av can be calculated. 

Therefore, slope of this line will give the value of—. Then 

the value of Plancks constant is calculated with the help of 


h 


e. 


1 AV 0 


300 ’ dv 


ergs-sec. 


A threshold frequency v 0 and corresponding threshold wave- 
length A 0 will exist. Below this frequency v 0 , no electron will be 
escaped from the metal depending upon its work function, by the 
Photo-elec f ric effect. Thus putting V 0 or v m .,*=0 and v=v 0 in 
Photo electric equation, we have 



By this relation photo-electric work function of the metal can 
be determined. 
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Expt. 5. (a) Striking potential of a gas filled triode. 

(b) Ionisation potential of a gas filled triode. 

Apparatus : Tube 884, dry batteries, voltmeter, milliai 
suspended type galvanometer. 



eter, 


Procedure : (a) Striking potential of a gas-filled triode. 


io.ooo-O. o , 



50 K 
low 



220V 


Fig. 78. Striking potentials of a gas-filled triode. 


Consider the apparatus as shown in the figure 78. Apply the 

maximum negative voltage at the grid (greater than 15 volts, say). 
Turn on the full value of the plate 
voltage (say about 150 volts). Now 
change the grid voltages to make 
the grid less negative and note 
its value when the plate current 
just starts. Determine similar criti- 
cal grid voltages for lower plate 
voltages. Plot a graph between 
critical negative grid voltage and 
plate voltage. The value of grid 
voltage is the striking or firing 
voltage. 


D 

-5 




C 

£ 


Voltcm 


Fig, 79. Graph between negative 
/wv T . # grid voltage and plate voltage 

(b) Ionisation potential of a gas filled triode. 
the fi^ure h 8o! 0mSatl ° n potentlal make tk e connections as shown in 



Fig. 80 . Ionisation potential of 


a gas-filled triode 
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(/) First of all the grid voltage is made zero, and the plate 
voltage is adjusted to such a value that the shunted galvanometer 
gives no deflection. At this stage, the plate and the cathode are 
at the same potential and due to the initial velocity of the emission 
of the electrons, the plate has to be at negative potential with 
respect to the cathode to keep the electrons away from the plate. 
The flow ceases and we get no current in the galvanometer. 

(//) Now the grid is maintained at positive potential with res- 
pect to the cathode and voltage is increased in steps Note the corres- 
ponding deflection in the galvanometer. The positive grid voltage 
accelerates the electrons and a point comes when inelastic collisions 
take place and the gas gets ionised. As soon as this happens, the 
current flows to the plate and we get a marked galvanometer 
deflection. This potential at which the current flows would indi- 
cate the ionisation potential of gas. 



Fig. 81. Graph between grid potential and 

galvanometer deflection. 

Draw a graph between positive grid potential and the galvano- 
nometer deflection. Calculate the value of the ionisation potential 
from the graph. 

(iii) Now remove the galvanometer from the plate circuit 
and connect it as shown in fig. 82. 



Fig. 82. Circuit arrangement to study the effect of the initial velocity 

of electron on ionisation potential. 
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Keeping the plate voltage at the same value, apply neeative 
potent, al to the grid and increase it slowly til * er 

deflection becomes zero. This negative grid potential is iust^uffi 

* c ® me towards ttagrid'due 

of .hi grid™ ' P ° lemial is the sum ° { ««* two potentials 

EXe kgZfJ* C ™rr M of b y Helical method. 

dimension, a |n S tlre^inteTior^of Sic!^ ’aLdfrav T 

SS ESr-iS’ 

(range rdc one ampere), vLmeter C&SlMS'SE 
tube I?eaieleme C "a"d colL'i'd ^‘as'toT' ° f ,he f athode ra * 

the screen. The time t wh ih 1 ■ f ° CUS ° n the centre of 

is equal to llv where v k thp*r ¥ r ^ uire to travel the distance / 

may be expressed in termc^rVi,' 6 ° Clty along the axes - The later 

the equation \mv*= e Vx (lO^hence 061 ^^'" 8 VOltage Fgiven by 

/ 

I ( eVx 10 8 \ sec. ...(i) 

xl ° 8 ) 


/ 


whose° r r a a dif are" smaif’aM J'Tf,’ the e,ectrons 'ravel in circles 
larger at the right o" eme^eif of '"‘a™ 8 e <Whe plate, 
from there to the screen The ve Wt gC f and consfant magnitude 
circles is equal to ta ^ °" e ° f ,ta 

-.2 * 

Hev t = 


v 


m 


or 


v t 

m 


«£ta tXS ' '° the a " 8Ular Vel “ d *> Of 'he electrons mov- 
lutionq he ‘ ime f0t M elec(ro “ ‘o make one complete revo- 


U) 


2tz 

T 


He 
m 


or T. 


2tt 


• "" Helm f . 

until the timTl forfhe^ctrom' 1 1 ?’ v® magnetic fi eld is varie 
the time t for them to travel °? e rotati °n is equal t 

the screen (a distance l). AH elect™n° m -n the conden *er plates t 

0) and (n), we have 8 n by Hc and equating equation 
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e 8n 2 F,10* , 

The field H at the centre of the solenoid 

tion 



is given by the equa- 



cos 0, 



where N is the total number of turns of the wire, / is the current 
in amperes and L total length of winding in centimeters, d is the 
angle as indicated in figure 83. From eqs. (///) and (iv)> 

V 

e.m.u./gm. 

Procedure : 


e 

m 


5x 10 9 


/_ 


Nl cos 6 ! 


(0 Record the constants of the solenoid ana luoe. 


(ii) Place the solenoid such that its axle 
direction. Mount the cathode ray tube i nsio 
centre The power unit should be kept as far 
avoid the stray magnetic field. 


lies in the east- west 
the solenoid at the 
away as possible to 




Fig S3. Vacuum tube circuit and solenoid used in Helical method. 


S. No. 
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(til) Switch on the power supply unit. Turn the potentio- 
meter marked ‘Accelerating voltage”, and adjust the voltage to 

delr snot on t'h U e e ; ^ the he,p ° f F < fine > and 7 ma ^ a fine^nd 
clear spot on the cathode ray tube. 

2 or 3 cm ^adenn^tf ' t0 ° ne SCt ° f plates - A Section of 
L or * cm * 1S adequate for the experiment. 

on . tbe solenoid current and increase the current till 

and tead n« ,r d a , sma11 P oi "<- Averse “>= solenoid cnrren 

finep0im ' T “ e -erage of these two 

plates'!^ Take simultaneous values of / and V using A" and Y 
satf w.,1 he 

Observations : 


neces- 


(«) 1. 
2 . 

3 . 

4 . 

5 . 

(b) 


Sfa a „ n ce e b b ef w W e“ a t L be ^ °/ * P^e and the screen 

distance of the solenoid £> ° f Y P ‘ ate “ d lhe Screen ly - 
length of the winding L 
number of turns N. 



Using ^-Plates 


Using opiates 



Direction of 
Current 


A. C. 
voltage 


Current in 
amperes 


Direction of 
current 


A. C. 
voltage 


Current 



Calculations : 

(a) Using X plates 


(sj,-[ Sxl0, ( 


(b) Using y plates. 


-_L_V1 v 

Hi x cos 0 ) J /2 e ‘ra.u./gm. 


(S-),“[5X10*( L 


e . 

m >r L ] /r e.m.u./gm. 

mean of these two values 


gives the value of e/m. 
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Expt. No. 7. To determine e/m for cathode rays by Thomson 
method. 

Apparatus : Cathode ray tube, power supply, magnetic needle, 
stop watch, two bar magnets of the same strength. 

Theory : Figure shows the deflected path of the electron in 
the tube. 



Fig. 84. 


Here p is the length of the deflecting plate, d the spacing bet- 
ween deflecting plates and L, the distance of the screen from the 
edge of the plates. 

If V is the potential applied between the plates and H is the 
Intensity of the applied field, then the velocity of the electron ie 

t . (p/2+L) pV .10 8 

‘'■its*'*]* ...(i> 

The total deflection on the screen is OxG^y, then 


e_ 

m 


v v 



Hence 


m 


Hdx dx 


(pl2 + L) P Vy 108 


Hdx L dx 


...(H) 




coulombs/gm. 


... (iii) 


Procedure : 

(i) Place the cathode ray tube on a line facing north and 



PP'^ Parallel pi 
C-* plane-faced 
A-*ring anode 
M->-small hole 


hode 
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south. Draw a line perpendicular to it and place the wooden 
stand along this line. 

, ^ Wltc ^ on power supply and adjust the intensity so 

tnat there is a small and clear spot on the screen. 

(///) Read the initial reading of the spot, say it is — 03, and 
give a deflection upwards such that the final reading is 4 0-7 i.e., ' 

oAh^tube 6 ^ 201 ' 011 * S * ^ P ot ential applied to the plates 

wirt Arrange the poles N and 5' symmetrically and at such a 

j fl ance a P ar t that the field is of sufficient strength to reduce the 
aetlection to its initial stage as shown in figure 85. 

♦like ^ V \>i power supply and remove the cathode ray 

down f 3Ce ne edle in the wooden stand and note 

aown time period at different stages. 

(w) Note the time period when the magnetic field is removed. 
Observations : 


(«) 


(b) 


Initial position of the spot on the scale, 
rinal position of the spot, 

Toial deflection of the spot y, 

Voltage applied to the plate, V. 

Length of the deflecting plate, />, 

Spacing between deflection plates d 

dSs r^ h r creen rrom i!,e edge ° r ihe piates l > 


(c) It will be apparent that the magnetic field used is not the 
uniform one; therefore the value (T ( H dx 1 dx of equation (iii) 
must be found graphically. The integral canbe expressed as 


F 


| H dx, so that ~ = H. 


dx 


The value of j F dx is reouired. 


Integrating by parts, 



F dx= Fx 


H 


dF , 

* 7x .d x 


7 


0 



/ H dx 


i 


xH dx 


(/-*) H dx . 


product f/— xw/ 6 i^pioUecf ff ^ and ’ s required from which 
is derived from the Jrea of g^aph* 1 * and the Value ° f the integral 
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0 

Distance of 

Distance of 

Time 

Time for 



Z 

the needle 

needle from 

for 10 

1 c ne 




from M 

screen 

vibra- 

vibration T 

c 
• ••• 


x (cm.) 

(/-x) 

tions 

(secs.) 


C/5 

1 

“ — — 

0 

17 

■ • • 

• • • 

1 j 

i 

1 • • • 

’ 

• • • 

2 

1 

16 

• • • 

• • • 

... 

• • • 

3 ! 

2 

15 

• • • 

• - * 

• • • 

• • • 

4 

3 

• • • 

• • • 

• • • 

• • • 

• • • 

5 

4 

• • • 

• • • 

... 

l • • • 

• • • 

6 

5 

• • • 

• • * 

• • • 

I 

• • • 

• • • 

1 ! 
...i 

1 

7 

6 

• • • 

• ■ • 

i 

. . . 

| 

• • • 

i 


H= 


'f 

P°t H 0 sin 9 


• • 


• • • 


• • • 


• • • 


• • • 


• • 


»3 »“ .. 


If T 0 is the tiine period when 
the magnetic field is removed, then 

H=~ H 0 sin 6. 

Calculation : The graph bet- 
ween H (l—x) and x is of the form 
given in fig. 86. 

Find the area of the curve 
which gives the value 


H dx dx 


and applying the equation (iii), 
find the value of ejm. 






Oc-T') h 


Fig. 86. 


Expt. No 8. Measurement of e/m by Magnetron Method. 

Apparatus. Magnetron valve ( RCA 41 or 42), solenoid in 
which the valve can be placed, rectified power supply for plate 
voltage, ammeter, voltmeter, battery to heat up the filament. 

. Theory : In the theory of magnetron (cylindrical electrodes), 
with some simplifying assumption, we will deduce that 

V(8Fa) 


Br = — i 



e 

m 


x i)i r - 


If the cathode radius rt is less than one tenth of the anode 

radius r a , then the error in B c due to neglecting rie is less than one 
percent; hence 

V(2K a ) 


B 




e 

m 
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where B f is the field intensity and V a is the anode potential. In this 
formula B c is in oersteds and V a in e. m. units. 


1 volt=10 8 e. 




The control grid and screen grid potentials of 41 and 42 pen- 
todes do not affect the result because it is independent of the 
potential distribution. 

Procedure : 


(0 Make the connections as shown in the diagram 87. 

(n) Place the magnetron valve in the centre of solenoid to 
avoid the edge effects. Send a suitable current through the filament 
so that it becomes hot. 

(iff) Apply a suitable potential difference between plate and 

filament. This results in a current recorded in the ammeter of the 
plate circuit. 



Solenoid Current 


Solenoid 



Plate Current 


Fig. 87. 

(/v) When this has been achieved, apply a magnetic field by 
means of solenoid. Increase the magnetic field from zero to a 
certain value at which the plate current suddenly suffers a great 



Ftgt li 
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variation. At this time, the electrons emitted by the cathode will 
be unable to reach the anode. The magnetic field corresponding to 
this current is B c , the cut off value of the field. 

(v) Draw a graph between the magnetic field and the anode 
current for a fixed value of anode potential. 


If the horizontal and falling parts of the curve are produced, 
their intersection may be taken to define the knee of the charac- 
teristic. The corresponding value of the field gives the value of B 0 . 
So with the help of this graph, we find the cut-off value of the 

magnetic field. 

(vf) Record the anode voltage. 

Calculation : For different solenoid currents, find the value o f 
magnetic field using the formula 



4irAft . 

To ’ 

e _ 8x 10 8 X V a 2 
m r a - x B c 2 


m.u / gm. 


NUMERICAL EXAMPLES 

1. If the transverse magnetic field in a C. R. O. is 1'30 milli 
wb/m 2 over a distance of 6 cm , find the value of tlie accelerating 
voltage if the electron beam is to be deflected through 15°. 

We know that 


F=BQ e v 



m 

The deflection on C. R O. ; s given by 

• A 1 
sin 9= — > 

r 



so that 


/ 


006 


0 - 232 metre. 


sin 6 sin 15° •• (>i) 

Substituting the value of r, from equation (ii) in equation (i), 
we have 

f — 1 - 30 X 10- 3 x 1-76X 10“x0-232 


where 


— = l'?6x 10 11 

m 



= 5'32x 10 7 metre/sec. 

v 2 m_ (5-32 xlO 7 ) 2 
" 2<2« = 2 x P/exTo 33 

= 8040 volts. 


2. A potential difference oj 300 volts is applied to two parallel 
plate? 6 cm. long and 2 cm. apart . An electron beam projected is 
deflected by 5' 37 mm . while passing between the plates. If simulta - 
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the electric ffeld^nn^fi °^r $ m ’ w b/ mZ is applied perpendicular to 

and v[ is^the ' n o C |! 1 ^ with which the electron enters the field 
*uu y d , s tne potential between two plates, then 


QeV t 


Q«Bv k or v d V ~ 

aB 


(/i) We know that tan 9 


300 

0 02x0*5 x 10~ 8 

=3x I0 7 metres/sec. 
d 000537 


Now 

Again 


/ 


sin 0 

mv k 

■tsQo m 


( 1 / 2 ) 

0 = 10*15° 
0-06 

sin 10* i 5" 
Qe_Vk 

Br 


003 


0*179 


0*34 metre. 

3 x 10 7 


0-5 x 10 _3 x 0*34 
= 17x10“ Coul./Kg. 

an d are spaced 0^5 cm 6 nnnr! r de fJ ectin S plates are 4 cm. long 

screen and the deflecting nlnto • distance between the flour e scent 
200 volts. Calculate (a\ dfjfi 16 Cm ‘ The f ind anode voltage is 
voltage of 20 volts (h\ nloP S r l aCemen . t P r °duced by a deflecting 
from the field. * ^ e °f beam with the tube axis on emerging 


(o') Total deflection d= liL ( |/+ D ) 


2 V a S 

20x4 , 

2x2000x0 ; 5^* x4 + 16 )» 


d 


(b) tan 4> 



IS 

25 

V A l 


0-72 


2V a S 


20x4 


2x2000x0*5 

=0-04 

long and are “spaced*!)- Tcm^apan^ Th de / ectin Z P lates ar * 2’0 cn 
the plate to the screen is 24 cm ' T , T ^e distance from the centre c 

volts. Calculate <a) the disolacen,^ an °de voltage is 100 

of 30 volts (ft) the angle which di7 hS° dUCe< ! by deflectin 8 1 oltag 
the tube on emerging from the ficU makes with the axis o 

emerging from the field. f leld > and (c) velocity of the beam 

(<■) Approximately the deflection produced 
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(b) tan <f> 


, VelD 

2.SV a 
30x2x24 
_ 2x0-5x1000 
d= 1-44 cm. 

d = K d /_ 

~Z) 2 ; S> 0 

30x2 


cm., 


(c) v 



2 x 0-5 x 1000 
^=tan _1 0-06=3° 
2eK a 


0 06, 


26'. 


m 





5-94xl0V(^«) metres/sec. 

5*94x10 VO 000 ). 

18-78x10* metres /sec. 

5. The spot of C. R. tube is displaced vertically by magnetic 
field of flux density 10~ s webers per square meter. The space between 
the y deflection plates is O' 4 cm. The final anode voltage is 600 volts. 
The length of the magnetic field is 3 cm. while that of the deflecting 
plates is also 3 cms. Determine the voltage to be applied to y-de- 
flecting plates to return the spot to the centre of th° screen. 

Take m=90x 10“ 31 kgm. and e=l-6xl0- 19 Coulombs. 
For magnetic deflection, 

m 


d 


' V(2 V a ) 

For electrostatic deflection, 

VAD 


d 


then 


If magnetic deflection 

DIB 
V(2 V 0 


"2 V a S 

electrostatic deflect ion 
e \ = Ki ID_ 
m Vf 2S‘ 



J( 


m 


= V(2 X 600) 1 O' 3 x 0-4 x 10- 2 X 



1-6 xl0~ 19 
9 x 1 0" 81 


K 0 =58-4 volts. 

6. In a cathode ray tube employing magnetic deflection, the 
distance from the screen to the centre of the coil is 24 cms. The 
length of the field along the axis is 4 cms. Calculate the magnetic 
flux density required to reduce a deflection of 1‘2 cm. on the screen 
for final anode voltage (a) 400 and ( b ) 600 volts. 
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d 



e 
m 


(a) For V a 

1-2X10" 2 


V(2 V a ) 


(b) 


B 

B 

For F„: 


1-2x10-2 


B 

B 


400 volts, 

5x24x 10" 2 x 4x lQ- a (l*7x 10 11 ) 1 / 2 

a/( 2 x 400) 

Bx 96-v/(2-2), 

1*2 X lO- 2 
96x^12-2) 

8 - 428xl0 -5 weber/sq. i 
600 volts, 

5x24 x lO" 2 x4x lO' 2 (1*7 X lO 11 ) 1 ^ 

Vl2 x 600) 

Bx 96 V(£ 6 ) 

l'2x 10-*V(12) 

" 26 x VU7-6)' 


letre. 


=10-35x10-® webers/sq. metre. 

A s ' n usoidal voltage 20 sin 100nt is applied to the v de- 

«"«> ore required ,1 be^see/orfih? sTen'v'/e 

Periodic time of sine wave=^ sec. 

To get two sine waves, periodic time base 

o 1 1 

~ 2x 50=25 SeC - 

' Frequency of time base=25 c/s. 

For neon time base, /= 1 



CR log 8 


For this case 



or 


Rx 01 xl0-®x 2-306 logio 220 ~ 120 

61 220-150 

1 

100 



50x -01x10-0x2-306 log 10 

2-25 x*10* ohms. 


70 
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8. The following table gives plate currents for different values 

of plate voltage for grid voltages zero and —2 volts, using a triode 
valve : 


Plate voltage in volts 


80 100 120 


Plate current in mA, for grid voltage=2F 


Plate current in mA, for grid vo!tage= — 2V 


140 


» 1 

8 

i 

10-9 

1 1 

1 13*8 

2-2 

i 

5*1 

[ 

8 



10-8 


r j r ^ 

tcmce, r v and mutual conductance , g m , for the tube at plate voltage of 
100 volts . 


Hi 


^ 12 
E 

> 10 


Pn/ 

-if-/ ^ 

JZ : /t? 


- - + -- 


Z 2 


Fa 


^0 

PLATE 


80 

VOLTAGE Itv 
Fig. 89. 


100 

VOLTS 


From figure. 


and 


c t 

Ae b - 

Ai b 


Hence 


At 


r* 

e b 

Ai b 

Ae c 


120 1^0 


0 between points P 1 and P t 

(120-80)^40 volts 
= (13-8 — 8*0)=5-8 mA. 

l Agj) 

"Ia h e P 

40 

= 5'8x 10-* 

6 9 kilo-ohms. 

= 1 00 volts, between point P t atid P f 
(10*9 — 5*1) = 5*4 mA. 

■2 volts. 
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Hence 


Sm 


At, 


Ae 


e b 


5-4x10 


-3 


2 


mho. 


Now 


g m = 2-7 milli-mho 

fJ- = r j)X gm 
=6-9xl0 3 x2-7xl0" 3 . 

fi.= 18-63. 

9. The following table gives two amplification characteristic 
curves of a triode. Calculate the coefficients of the triode at a grid 
voltage of zero volt. 


Grid voltage in volts 

—30 

—20 

| 

—10 

0 

+ 10 

+20 

— ^ 

Anode voltage for anode current 
of 5 mA. 

450 

] 

| 

370 

1 

300 

220 

160 

no 

Anode voltage for anode current 
of 10 mA 

495 

415 

340 

260 

197 

145 


Considering points P x and P a - [Fig- 90] 

Ae „= 260 — 220=40 volts,. 
J/ 6 =10-5-=5mA. 


p 
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Hence plate resistance 

Ae c 


At 




4 volts 
— mA. 

= 8000*2. 

Considering points Pi and P a> 

Ae c = 0-(-10) 

Jr?x=340-260; 


• 10 volts, 
80 volts. 


Hence p 


\ Ae b 

\Ae e 


_80 

10 


— 8 . 




8 . 


10. An electron is travelling with a velocity of 2’25xl0 8 m/sec. 
Find whether it possesses sufficient energy to 

(•') io-.ize a normal atom of neon, 

00 ionize a normal atom of nitrogen, 

{Hi) excite an atom of helium. 

The ionization energies for neon and nitrogen are 21- 5 and 14’ 5 
ev. respectively and excitation energy for helium is 19 7 ev. 

We know that the energy of the electron = \mv 2 

=£ X 9-1 x 10" 31 x (2-25) a x 10 12 =28-45 X 10~ 18 joules 
28- 45x 10-“ 

1 - 6 x 10- 18 — 17 ’ 8 ev - 
Therefore, 

(i) neon will not be ionized, (ii) nitrogen will be ionized, 
(iii) helium will not be excited. 

11 . A sodium atom is excited and electron from the outermost 
orbit goes to next higher permitted orbit by absorbing 2 09 ev of 

energy. Calculate the frequency and the wavelength of radiation when 
the atom comes back to the normal state. 

We know that r-AHL 2 1 " ) 1 ~ v - 2'09x I-6x 10- 

h 6-624xl0“ 34 6-24xl0“ ai 

3‘344 x 10“ 10 joules 

; 6-624 x 10“ M 


and 


A = 


5 05xl0 14 Hz 

3x 10 8 


/ “5-05 xlO 14 


5-94 x 10~ 7 metres 


=5,940 A. 

12 . The emitter of a photo-tube Is illuminated by light of wave- 
length 4800 A. The emitter surface has a threshold wavelength of 

6400 A. Determine the maximum velocity of electrons emitted from 
the photo emitter. 
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We know that hv=hv t +lm c v t 
where Vi=Threshold frequency 


or 


iOleV 2 



h\—hvt 


6*62x10 


6-62 xlO' 34 
19-86xl0- ]8 


3x10® \ 1 


4800 


6400 ) IQ" 10 


[lA^lO- 1 ® m] 
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Solving we have t;=477 X 10 3 m/sec. 

13. The light flux on the surface of photocathode is 1/4800 
lumen . The sensitivity of cathode is 15 \j.A per lumen. The multi- 
plier stages of the photo multiplier are 8, load resistance is 5 meghom 
and output voltage is 100 volts. Find the multiplication per stage. 

The emission current=T7^~ X 15=-!— a A. 


4800 

Let the multiplication per stage = 
The output current— pA. 


320 


320 


Output voltage 


8 


or 


X 


320 x 10 s 
64x100 
299. 


x5x 10 6 volts=100 


EXERCISES AND PROBLEMS 

1. Sketch the construction and explain the operation of typical diode valve. 
Discuss the meaning of 'space charge’ and ‘saturation current’ as applied 
to a thermionic diode. 

2. Explain the constructional feature of a triode. Describe how its chara- 
cteristics may be experimentally studied and show how the constants 
may be evaluated from the curve obtained. 

3* Describe an experimental arrangement for obtaining the characteristic 
cu r ves of a triode valve. How are the amplification factor, mutual con- 
ductance and internal resistance calculated from these curves ? Show 
that 


4. 


5. 


6 . 

7. 


f 1 — T p8m- 

What do these constants signify ? 

What are the principal advantage of tetrode valve as compared to triode 
valve ? 

Trace the development of screen grid and pentode vacuum tubes as amp- 
lifying valves, giving reason for the introduction of the auxiliary grids, 
and explanation of their functions. 

Explain the construction and use of a variable mu tube. 

Draw the plate characteristic curves of a tetrode and indicate the region 
of negative resistance. Explain why the plate current reduces with the 

naterTvw'th^ ^ V< r ree ' on ' How > s this phenomenon elimi- 

nated by the use of a suppressor grid at low potential ? 
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8. Discuss how secondary emission effects are eiimiDated in a beam power 
tube. Draw the plate characteristic and discuss the advantages and 
limitations of a beam power tetrode and compare it with a pentode. 

♦ 2. Using labelled diagram describe an experiment to determine the charac* 

teristic curve of a triode tube of plate current variation as the grid vol- 
tage is varied . 

10. Why should the fixed grid bias of a tube be always greater than the 
maximum value of the input signal in amplifying circuit ? 

11. What is meant by interelectrode capacitance ? Why is it necessary to 
keep these capacities at a minimum ? 

12. What is meant by secondary emission ? 

1 13. What effect does secondary emission have upon the operating characteri- 

stic of a tetrode ? 

14. How does the addition of a suppressor grid reduce the effect of second- 
ary emission ? Or 

Explain the necessity of having a suppressor grid in addition to screen 

grid. Point out the essential features of the pentode. 

15. How do the characteristic curves for a pen f ode compare with those for a 
tetrode ? 

16. Describe the construction of C.R. tube. Discuss clearly the function of 

each part. 

17. (i) Derive an expression for the electrostatic deflection sensitivity of a 

cathode ray tube. 

(ii) Derive an expression for the magnetostatic deflection sensitivity of a 
cathode ray tube. 

18. Point out the importance of ‘time base’ circuits in the functioning of a 
cathode ray oscilloscope. Discuss a simrle form of the time base circuit 
and compare its performance with the ideally expected performance. 

19. Make the correct answer : 

(a) In an oscilloscope, the volage to be viewed is applied to the 

(i) horizontal input terminals, 

(ii) vertical input terminals, 

(iii) vertical or horizontal input terminals, depending on its fre- 
quency. 

(iv) Synchronising amplifier terminal. 

(b) A pattern on the oscilloscope screen can be made to stand still by 
carefully advancing the 

(i) Sync-amplitude control, (ii) focus control, 

(iii) horizontal-positioning control, 

(iv) Coarse-frequency control 

[Ans : (a) (ii), (b) (i)] 

^ 20. Make the true (T ) or false (F) answers in the following : 

(a) The effect of ionization in a gas is to increase the electric space 
charge. 
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21 . 


22 . 


23. 


24. 


26. 


26. 


compared to gas photo tube is 

[Ans. (a) F, (b) T, (c) F\ 


(b) 


(b) Photo tube is evacuated to a high degree so that ionisation is almost 
absent. 

(c) The sensitivity of photo-tube as 
large. 

Make the correct answer : 

(a) Gas photo tub le is filled with. 

(i) inert gas at low pressure. 

(ii) inert gas at high pressure. 

In photo-conjluctive cell the electrical resistance 

(i) decreases with increase of illumination, 

(ii) increases with increase of illumination, 

(iii) neither increases nor decreases with increase of illumination. 

. , [Ans. (a) (i), (b) (i)] 

A vacuum tube has an amplification factor of 7. If the grid voltage is 

changed from — 12 to — 3 volts, what will be the effect on the plate 

current ? Must the plate voltage be increased to return the plate current 

to the original value ? What is the actual change in plate voltage requ- 
ired to do this ? 

A tube has an amplification factor 4 - 5. What grid voltage will produce 

cut off if the following plate voltages are applied : (a) 500 V. (b) 700 V. 
(c)250 V ? v ' 

The static mutual characteristic of a triode for an anode voltage of 60V 
can be represented by a straight line from zero anode current at a vol- 
tage of — 1-2 to anode current of 1-2 mA, at +36K. The amplification 
ractor is 12 . Plot the characteristic for 90F on the anode. Find the 
slope resistance and the mutual conductance. 

The plate resistance of a 6/5 triode is 7-7 kilo-ohm, and the transcon- 
uctance !s 2-6 milii-mhos. If only the plate voltage is increased by 50 

vo s, what is the increase in plate current ? What change in grid voltage 
Will now bring the plate current to its former value ? 

he following values of anode cu rrent were obtained with a triode . 

Anode voltage 


Anode current with 
grid voltage =0 


Anode current with 
grid voltage = — 4*4 


Anode current with 
grid voltage= — 8*3 


25 

50 

75 

100 

0-4 

28 

6 


0 

0*6 

3 6 

50 


volts 


0 


0 




^oTaT; IZSZ^^*™*** — * a battery 
anode and Ju T ! ' Q Conn «ted in series with the 

values of grid voUag'I ? 3t WlH ^ thC an ° de current at the above three 




Thermionic Tubes 


203 


27. A cathode ray tube has final anode voltage of 1800 volts and the distance 
from the anode to screen is 20 cm. The intensity of the earth’s field 
is -3 AT/cm. and the angle of dip is 60°. Calculate the deflection of 
the spot on the screen from the axis of C.R. tube when this axis is 
horizontal and (a) in the plane of magnetic field ( b ) at right angle to the 
meridian. 

28. A voltage of 10 volts is applied to the Y-Y deflection plates, placed 0 # 8 
cm. apart. Calculate the flux density of magnetic flux required to return 
the spot to the centre of the screen The final anode voltage is 800 volts. 
The length of the magnetic field is th e same as that of the electrostatic 

field and the magnetic field is horizontal. The distance from the screen 
to the centre of the deflection field is same. 

29. Calculate the theoretical deflection sensitivity of C. R. tune having an 
accelerating voltage of 3, 000T, in which the deflector plates are 1 cm., 
apart and have an effective length of 3 cm. the screen being 30 cm., dis- 
tant from the mid-point of the deflections. 

30. The flux density of a magnetic field in C.R. tube is 10*- 3 weber/sq. cm. 
for a distance of 2 cm. along the tube axis. The distance of the screen 
from the field is 10 cm. The final anode voltage is 1000 volts. Calcul- 
ate (a) the deflection of electrons in centimeters. ( b ) d isplacement of 
a charged particle of charge twice that of an electron and mass 700 times 
as large. 

Assume m— 9x 10 -81 kgm. and e=i’6x 10~ 19 coulombs 

31. What necessitated the invention of the tetrode after the triode ? Com- 
pare the performance of the two kinds of the tube. 

Draw plate voltage-plate current characteristics of the tetrode for screen 
volts and show how the tube can have negative resistance. 

How can the defect of tetrode be removed by the use of a pentode? 
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luinJh^ 6 are ^ large number of materials which have resistivities 
ymg between those of an insulator and a conductor. Such mate- 

nerfprt re Ji^ W i n aS p ‘semiconductors’. At absolute zero, pure and 
P iuriis tv 5 l ta S °u- the semiconductors are nonconducting, their 
can h i! approaching to the resistivity of an insulator. They 

hftrt? 11 ?? 1 ? 8 by l ddin S impurities, and due to thermal 

unon thp\prl tlCe defects e * c : Res istivity of a semiconductor depends 

consennpnti^ P Q ratUr,e> aa , d 11 decrea ses with the rise in temperature; 
oSC L , semiconductor crystal becomes conducting even at 

the ranee 1 n® room tem P e rature, their resistivity lies in 
toSS- StoTSS (10~ 6 ohm. cm.) and insulator (10- 

gcrmaSumUt il nSed thlt^ pf0perties ^ in case of 

resistance ^T ,C ^ n pi UCt ° rS f baVC ° e g ative temperature coefficient of 
rapidlv with the inrreI eS1St f V f ty decreases or conductivity increases 

be? of curren temperature. In other words the num- 

ally at higher temnp'T 6 ^ 8 rapidly with the temperature, especi- 
a£ve hit I Z a1 tUres \ Condu 9 tors. quite contrary to the 

■ temperature coefficient of resistance. 

a very 1 minute amoun^if ' ? nduc ?^ iv,t: v , is ver y much affected by even 
l ? amount of impurity added to it. 

called trans^stoi- 61 ” ' S an important device in electronics 

imp^Tapfe aT& b t “S,“ Sed ^ amP ' ifyinS 

The merits of transistors over vacuum tubes are : 

mechanicaUtrenVth S1 r\ ! ,7) i'ghterin weight, (/«) greater 
of vacuum tube dene’ndJ^ a m °u 1 unlimited life time (the life time 

with use), ( V ) freedom frn° n tbe 1,feof cathode which deteriorates 
time (as no filament is ° m . mi ^ op h on ic noise, (vi) no warm up 

(operate with relatively lo^ q w{^) V S ft ?wih?r 0W ffi * diSSipati ° n 

Folio™;™ .l vuuages), (vi») higher efficiency, 
um tubes : 6 ements of transistors as compared to vacu- 

sensiUve^tcf^emperature V (transistor S® micro P honic )’ («) highly 

P ture), (id) relatively inferior high frequency response. 
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(fv) relatively low output power (maximum output power is 100W 
while in case of tube it is 300 kW.) 

In order to study the action of transistor, we shall first explain 
the conduction of electricity by pure and impure semiconductors 
like germanium and silicon. 

61. CHEMICAL BONDS IN SEMICONDUCTORS LIKE 
GERMANIUM AND SILICON : 


A pure germanium or silicon is known as intrinsic semiconduc- 
tor. A pure germanium atom has 32 electrons. Out of these 32 

electrons, 28 are tightly bound to the nucleus, whereas the remaining 

four revolve in the outermost level and are called as valence elect- 
rons. Nucleus with 28 tightly'bound electrons forms the positive 
‘core’ of the atom. 
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(a) 


(b) 



P'B- 1. (a) Germaniu 
(b) Germaniurr 


3 crystal structure showing covalent bond, 
crystal structure with an electron hole pair. 


When the two atoms of germanium are brought close to each 
other then positive core of one atom interacts with one of the valance 
e^ctrons of the other atom. Each core will attract the electron of 
he other atom and the two electron will be shared by two atoms, 
two such electrons form an ‘electron pair’ as shown in figure \(a). 
equilibrium state will reach when the attractive force is balanced 

i/ tu re P ulsive force between two positive cores and covalent bond 
us formed. These covalent bonds are the binding forces 
° t he adjacent atoms of the crystal and the two electrons 

ontributed by the two atoms still not available for conduction. It 
means electron pair is bound to the cores of the atoms. For their 
uMruptwn, considerable amount of energy is required. Because of 
nes“ covalent bonds, a crystal of pure germanium at 0°K is a non- 
conductor of electricity as there are no free mobile , triers of charge 
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At ordinary temperature, because of thermal energy, crystal 
attice is in continuous random agitation. As a result, an indivi- 
dual electron of a covalent bond acquires sufficient energy even at 
room temperature to break the bond and becomes free. These es- 
electrons which are neither repelled nor attracted by the core 

° ® f ton ? mo Y5 freely about the crystal in a random way like 

gas molecules. But when an electric field is applied, this random 

in* thp S PSri f DCeS a dnft towards the positive electrode represent- 
ing the flow of current. 

emn^ u e u° a § eS - ^ rom cova!ent bond to become free then 
remamino m ? k? blnd 1 , s ca ^ed a hole. The tendency of one 
oai r for which? 0 ? *? covaIe ° t bond is to form again an electron 
favourable <.;/* ? a S 0 !*® electron from an adjacent pair due to 

orevh>.f ? b boie tUatl0D u- r J slI ! g out of thermal agitation. Thus the 
is stolen Th' S n T S ^ l ^f ed t0 another place from which electron 
crvstaHn aT? H Whe " 3 h ° e 1S once created > it moves about in the 
In the nresenre < f- m Way m the sam ? manner as do free electrons, 
the negative eie°/ ? externa ' electric field, a steady drift towards 

these holes and "iw 6 su P enm POsed upon the random motion of 
by the electrons re P rese nts a circuit flow which is transported 

collide with nlfe TT 8 to and fro in a cr y st al lattice may 

collision it rmv ™ ?? broken covalent bond and as a result of this 

bining with hnL Wlt ^ a ^°' e ' This ^ ree electron on corn- 

bond will he fnrnT!t de ^ tract an electron-hole pair and a covalent 
bound electron & agaln *- e a free electron will be converted into 

d uc t or^r i sesTn r , a 1 ' °. n ? bo ^ es and electrons in a pure sem con- 
electrons eaual SUcdl ^ at rate °f combination of holes and 
temperature is raised. ^ ° f production which increases as the 

6 2 ' C O N D i u C M o N°R R W D S E N ENERGY GAP - VALENCE AND 

orbitTn nlw ^/° t r tbe transition of an electron from the inner 

it should he l u 6 ato . m some energy is required; therefore 

levels of notpnf \ lOUS tbat different orbits correspond to different 
the inner 5 nrh'? , e ° er l=y- The electrons in an atom try to occupy 
more than twc'pi ac ? ord .lng to Pauli’s exclusion principle no 
in fff e ''samhnerotf i rOI1 | having opposite spins in an atom can exist 
occuov all thp ir.« y eve ' aorma l atom, therefore, the electrons 

remain unoccupied enW8y CVels ’ while the hi S her ener gy ]evels 

an ii^raction° or'^!! ar r at0IT u are brought close together, there is 
that causes snlittin° UP r° 8 between the orbits of their electrons 
slightly different 1 8 °f eac h individual energy level into two 

atom? which are i & *° Kd ’ there is a W number of 

y close together; therefore the energy levels 
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produced after splitting due to interaction or coupling between the 
various orbits of different electrons will be so numerous and so 
close together as to form a band that it can be regarded as essen- 
tially continuous. If an energy band consists of as much electrons 
as permitted by Pauli’s Exclusion Principle, then it is said to be 
completely filled band and thus in such a band there will be no 
free electrons for conduction of electricity, while fora partially 
filled band conduction is possible. 

In fig. 2 theoretical curve of the energy band of the diamond 
lattice as a function of atomic spacing is drawn. When atomic 
spacing is sufficiently wide, interaction between atoms is negligible 
and energy levels are those to be found in isolated atoms shown 
at position A in the figure 2). When atoms are brought further 
close to each other, their interaction increases and the two energy 
levels split into bands (position B). At position C in the figure 2, 
the two bands overlap and when atomic spacing is further reduce 1 
(at point D in fig. 2), the bands divide and spread widely. The 
actual lattice constant of the diamond crysta the spacing which 
atoms assume) is indicated at D where the two distinct and widely 
separated bands exist. The lower band is completdv filled called 
valence band, whereas the upper band is normally empty called 

conduction band. 



Fig- 2. Energy band of diamond lattice as a function of atomic spacing. 


In an insulator and pure semi-conductor (at °K) lower band 
completely filled while the upper band is conpletely em*>ty. The 
gap between these two bands is called forbidden band and is a 

sh °^. ener Sy E g . Thus Eg is the amount of energy that 
u ^ be imparted to the electron in valence band to jump to 
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conduction band. Electron thus jumped to conduction band leaves 

its vacancy in valence band and is called a hole. This hole freely 
moves in the band . 

• .^ nsu ' a ^ or E<> is of the order of 5 to 1 0 volts and it is prac- 
tically impossible to impart this much amount of energy to the 
electrons in valence band so as to jump to conduction band. Con- 
sequently, conduction is not possible in the case of insulators. On 
the other hand E g is of the order of 1 or 0‘75 volt in the case of 
semi-conductor and this amount of energy can be imparted by 
ermal agitation of the crystal lattice. With the rise in tempera- 

’tK-° re e ^ ron 1 s fr° m valence band jump to conduction band 
and this result in the increase of electron hole pairs. The hand gap 

L g * S , e ener Sy required to break an electron out of the covalent 
bonds so as to make it free for conduction. 

tn semiconductor, the number of electrons going 

aeita^n nf JrvT? * re ? ult of im P arted energy through thermal 
valence hanH ^ Sta u attl< ^ e ' eave equal Dumber of vacancies in the 
valpncp hand p in ^ (rf). Thus number of holes in 

a?so oht?n,l fr /5 i e ^?} er of electrons in conduction band. It is 

energy ' ToZ tTn V (< 2 tbat a11 v ? lence electrons have an 

electrons have ener r CSS 1 an conduction band 

electrons have energy equal to or greater than E c . 
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Fig. 3 


Forbidden valence and conduction bands in an 
^ insulator and semi-conductor. 

the reference enSU?} 1 * ' ft* the j;Oncept of Fermi level which is 

venientlv measured Th C ^ b,c h ad ot h er energies are con- 

to enerevThe * The . p ™ babmt y F(E) of a State corresponding 
given by Y b 8 OCCUpied b y an electron at temperature T°K is 


F(E)~ 


1 


1 


+exp. ( 

where K 3 is Boltzmann constant. ' K * T 



Semiconductors and Transistors 


209 


At T=0 9 K, if E > E P then F(E)=0, i.e. energy state is 

empty, 

* E < E f F(E) — \ energy state is occupied 

by an electron, 

At T^0°K, and E=F P F(£) = i energy state is 50% 

occupied, 

Therefore, we find that at T=0°K, all the energy state above 
E F are empty, whereas all those below Ef are filled with electrons. 
With the rise in temperature, states above Ef no more remain 
empty but they are then occupied by the electrons to some extent 

* In other words, when the temperature is raised there is a greater 
possibility of electrons being found above the Fermi level with an 
equal possibility of finding an electron vacancy (hole) below Ferrm 
level. Therefore, for an instrinsic semiconductor in which number 
of electrons in conduction band equals the number of holes in 
valence band, Fermi level should be situated in the middle of toe 
forbidden gap (fig. 3 d) between conduction and valence band; and 
the position tof Fermi level) is independent of temperature. 

6-3. PURE OR INTRINSIC SEMICONDUCTOR AND IMPU- 
RITY OR EXTRINSIC SEMICONDUCTOR. 

Now we proceed to classify the semiconductors : 

(i) Pure or intrinsic semiconductor : — 

Germanium and silicon, in the pure form are known as intrin- 
sic semiconductors. They have crystalline structure. In metals, 
the atoms are very close to each other and the electron in the 
outer shell of an atom is as much associated with its parent atom 
as with its neighbour. Due to this fact, the electron has almost 
zero affinity with an individual atom. L nder the action of applied 
electric field, these electrons are free to move within the body of 
4 '<he metal. In semiconductor, at low temperature the electrons are 
strongly bound to the atoms and the conduction is not possible. 
When the temperature is increased, more and more electrons, 
become available for conduction. Germanium has four outer 
electrons and each of the four electrons, forms covalent bond with 
one valence electron of the adjacent atom. The covalent bond 
provides force which is responsible to bind the adjacent atoms 
Thus every electron is tightly bound and an appreciable energy 
(0 76 eV i is required to release an electron from its bond. The 
enercy may be provided by incidence of photons in the visible 
Vange or by bombardment of semiconductor sample by a particles, 
e| ectrons and other particles. Once a covalent bond is broken, 
the electron is released and moves through the lattice in same 
m 'Jnner as electron moves in a metal. When an electron is removed 
from a covolent bond, an empty space is left behind which is 
known as a hole and has a unit positive charge. The holes move 
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through the crystal lattice in a random fashion as liberatedele- 
ctrons and contribute to current when an electric field is applied. 

A semiconductor in which electrons and holes are created solely 
by thermal excitation across the energy gap is called an intrinsic IS 
se niconductor. The electrons reaching conduction band due to 

thermal excitation leave ecjual number of vacancies or holes in 

valence band i.e. in intrinsic semiconductor concentration of holes 
and electrons must always be the same. 

(ii) Impurity or Extrinsic Semiconductors : — 

f T r e i^ri^ic semiconductors are of little importance because 
2 n .^. conductivity and moreover the conductivity has little 
exi 1 ity. These limitations are overcome by adding a small and 

““T amount chemical impurity to the intrinsic semicon- 
,° ' 1 he resulting semiconductor is known as extrinsic semi- 

a°^ UCt ° r ' .J he added impurity is very small of the order of 1 
imnnp^ er million atoms of the pure semiconductor. "Thus when 

thJ 3 are 1 . ncor P° rat ed in a pure semiconductor crystal, 

nrioinoti f 1 ° P r °P ertIe . s are altered and most of charge carriers 
i«; lfnnw r ° m 1 . m P ur,t y atoms ; such an impurity semiconductor 

is known as extrinsic semiconductor. 

6 4. MOBILITY, DRIFT VELOCITY AND CONDUCTIVITY 
OF INTRINSIC SEMICONDUCTOR : 

covalent h^n!i er ™ al agitat * on and lattice vibration, some of the 
become free semiconduct or are broken and some electrons 

towards th<- en e i ectr i c h-ld is applied, the electrons drift 
Similarlv the h lVe e ec . lrode and hence constitute the current, 
constitutes a ,w SenCe - an . electron fr°m a band known as hole 
n P (7 ^ J Q Q I n n . 1 1 J P'77 i . , 1 ^ moves towards the 

negative electrode constituting the current. 

both 'ends of ap P llCation potential difference between 

which is nmmpt' , a ’ c harge carriers attain a drift velocity va 

different fenhcon'di?^ t0 the ^ ld stre ngth F and is different for 
carriers. Therefore, ^ matenals and for different lype of charge r 

v d ocF 

^ fa ® h "* e carrier defined as the veto- 
y or charge carrier produced due to unit field strength. 

the influence^ of an^lectn^fi i* n a pure semiconductor under 

d ’ Wh ! ^ as hole s move in a nearly filled band*. 

a? i* "" « 


electron. Forces of attracUor^and' 11 3 Cr ^ Stal is d,tferent from those of a frei 

of the close proximity of the atomic fepa , slon act u P° n an electron becaus 

oi the atomic nuclei and of other electrons. 
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Therefore, an electron in conduction band is subjected to different 
conditions compared to a hole in valence band. Thus properties 
assigned to a hole e.g. mass mobility eic. will not be the same as 
those of an electron in the conduction band. 

Since the type of drift of electrons and holes under the action 
of an applied force is different, jx, the electron mobility, at any 
temperature will be different (greater) than the mobility, /x*. of 
holes. In table 1, electron and hole mobilities at 330°K and at 
any temperature T°K are listed. 


TABLE-1 

ELECTRON AND HOLE MOBILITIES 


Material 


Resistivity 
in ohm cm. 
at 290° K 



Hole Mobility 


300° K 


at T° K 


at 300° K. 


Silicon 


3- 10* 


1350 


2- 1 x KPT- 1 6 


480 


at T ° K 


2-3x 20* r- 9 - 7 


Germanium 


48 


3900 


4 9 x I0 7 r- i,w 


1900 


105 x 10*7" 


-S 3 


If n is the density of the electrons in conduction band of semi- 
conductor, then net charge per unit volume available foi the con- 
duction of electric current will be 


= tte 

The drift current density J n due to electrons is defined as the 
charge flowing across unit area of cross-section per unit time due 
to their drift under the influence of applied electric field F and is 
given by 

J„=nev in , ••■(!) 

where v d<K is the drift velocity of electrons and is expressed as 

fdri = /XnE. ...(2) 

If <r„ is the conductivity of semiconductor material due to free 
electrons, then current density J n due to drift electrons is also given 

by 

From equations (1) and (3), 

ne v dn 


ne 

= F 


(from eq 2) 


= ne/x„. ..(4) 

Similarly, in valence band, if p be the density of holes, then 
the conductivity due to holes is 
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a v=pen v 


where fi v is the mobility of holes. 
Therefore, total conductivity is 


a 


V'r°n 


band 


per unit volume in 


=e(pn P -\-nn n ). 

• Fo F intrinsic semiconductor density of holes in valence 
is equal the density of electrons in conduction band, i.e. 

so that n ~P = n i* 

where //< is the number of electrons (Wholes 
the material and is given by 

«<= j Z(E) F(E) dE, 

to^h^ton h at '^ n is J r0 !T the bottom °f lowest energy band 

P he highest band concerned. For free electrons 

Z{E) dE=CE 1 i 2 dE, 

where c-£< M‘“, ■ 

and Z E) is the energy density of states*. 

6 5. CARRIER CONCENTRATION IN INTRINSIC 

SEMICONDUCTORS : 

ductor we^sh'an ^ a . rrier concentration in intrinsic semicon- 
ductor we shall proceed in two ways : 

valence bJnrU^f W n y We assume that width of conduction and 
we can take^t ^wt SS c ° ra P ared wi>h forbidden gap so that 
to E whereas all v . be conduction electrons have energy equal 

and Ihat of induction band a bv / reS Th\ by “ Sin ,?'' e " ergy f 

accurate. Dana oy t e . This assumption is not 

sin S li 2 Ln^f tatedin P 0inta) ’ itis not justified to take up a 

widths of alio wed^n l ° V u c ° raplete b anci and we take up the 
We take that the ^ an d as comparable to forbidden gap. 

»>*£ «» *««»» i« valence band 3 

volume (Z=*0“ per cS ba ? d con ' ai ' 1 Zp ossible state per unit 

^^ t ^_^^^^^^ujhe^co^uctim^^n^is r ^v t en by^ ^ 

he number ° f ^'^IJ^b^tween energy £and E+dE is given by 

DUmberof available states » in the raD S e 

tAt 0°K, valence band fnd alUheT^'h °|. OCCupation 
conduction band is completely e ! f i?** 1 bands 3re com P letel y «»«> and 
behaves as an insulator pty * con duction * s possible and material 
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Z 

exp. {(£ c -E F )<K B t }+l 
Z 

exp. t(£« — E F )/K D T} + 1 




When the forbidden gap is large enough (of the order of 
several eV) then electrons in conduction band must have come 
only from valence band and we can ignore the presence of other 
bands below that of valence band. Then we may write 

n e + n v —Z 


or 


or 


or 


or 


+ 


Z 


z 


1 4-exp {(E e -L F )1K B T>} 1+exp {(£.- t F )!K B T} 

[l+exp {(£ e —£ f )/£«£}]+[ 1+exp {(£* -E F )/£«£}] 

=(1 -f exp {( E v -E f )'KbT }] [1 + exp { ( £« — E F )]K B £)] . 
Expanding exponential upto the second term, 

(Ec—Fr 


14-1 



2 + 

(£«+-£» — £ f )—0 

£«.+£. 

E f — — s — 


K b T 



2 ...( 2 ) 

Fermi level is thus located exactly in the middle of the valence 
and conduction bands. Its position is independent of temperature. 

Suppose (£ c -£ f ) > a few K a T then we can neglect 1 in 
comparison to exponential term in the denominator of n c and 

write, 


Z 

f7 ' — exp {(£« — E f )/KbT} 

= Zexp|-(£c-^y^ v )/^Br 

exp (— EJ2KbT ) 

= 10 22 exp ( — E g j2K/tT) f --'(3) 

where E g is forbidden energy gap and is obviously equal to 
{E 0 —E v ). This expression gives the density of electrons in the con- 
duction band. 

Conductivity of material is given by 

a=n c e (a n +^ P ) 

=■- 10 22 exp ( — E<tl2K D T) e (/x n +/x p ). ...(4) 

From cqs. (3) and (4), we note that if a graph of log n c or 
log o against 1/T is plotted then a straight line with a slope 

~E a l2K B is obtained as shown in figure 4. 
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From graph we infer that 
conductivity of semiconductors 
increases with the rise in tem- 
perature. 

Second Way : The deriva- 
tion in hrst way is not accurate 
since in an intrinsic semicon- 
ductor neither all the electrons 
in valence band have energy 
equal to E v , nor all the elect- 
rons in conduction band possess 
energy equal to E e . Electrons 
in conduction band may have, 
energies lying from E e to oo 
while the electrons in valence 
band may have energies lying 
from — oo to E v . 



Fig. 4. Plot of conductivity 
as a function of temperature. 


(a) Density of electrons is conduction band : ^Therefore the 
density of electrons in conduction band will be given by 



Z{E) F(E) dE. 



The upper limit of the integral is put as infinity for conven- 
ience in the integration. The limit will certainly include all the 
electrons in the conduction band ( E e is the energy at the bottom 
of the conduction band). Further function F{E) decreases as we 
move up in the conduction band because for E > > E g , F(E )= 0 
and hence we can take E=oo as the upper limit for this band. 



F *Near toweTpn ° f *!. ates in an intrinsic semiconductor, 
i°wer edge of conduction band Z(E) cc (E-EoVI 1 

and near top of valence band Z(E) oo ( E v -E) l l a 
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The energy density of states at the bottom of the conduction band 
of a semiconductor is given by 

Z(£) = ^ (2 m 5 *)’l 2 (E-E e y\ 


h s 


...( 6 ) 


where m 0 * is the effective mass of the electron in the band. It is 
necessary to introduce the concept of effective mass to take into 
account the influence of the neighbouring atoms and charges on 
the motion of an electron in the band. Thus an electron will 
respond to an applied force as if it had a mass m e * ( no * f ree 
electronic mass m) when it is in conduction band. In the valence 

band the effective mass of the hole is written as m**. 

F(£)r= exp. {(E-E F );K B f] +T 

and applying equation (6), we get this density of electrons in con- 
duction band as 

4* „ * wa (■ E-E^dE 

j (2 m 9 *) ,/2 


n e =~ wr- )/r c exp. {(E-Ef)IKbT}+ I 

— E f ) > > 4 K b T then term 1 in the denominator of the 
integrand can be neglected so that 


lf( 


4t: 


Coo 


(2 (E-E c y- exp {{E F 

E c 

E. 


F.)IK 0 T } dE 


= tv (2m s *) ,/2 X exp. 1 E ‘ 


h 3 

Putting 
E— r 


Kn 7 



E,-E\ 


(£— fo) 1 ' 2 exp. ( J 


dE . 


K b T 
we get 

«o=^ (2m 0 *) 3 l 2 x exp. 

47T 


x (giving dE—KgT dx). 


E f —E 

KhT 


CO 


x 1/2 {KbT) 1 ' 2 e-*K B T dx 


j ~2 {2m 6 *)*i*x(K B T)*f 2 exp. 


0 
E f 


4 rr 





vi/2 e x d x 




o 

7T 


1/2 


2 ’ 


r. 1/a 


where tor integrand, — has been substituted. 


Thus 


ft 


2 ( 2 -^ f e x P 





• >•(7) 


V a 2 / V W 

(fc) Density of holes in valence band : To calculate the density 
of holes, /?* in valence band, we shall use [ — E(E)] instead of F(E) 
as this represents the probability for a state of energy E to be 

unoccupied. t Therefore. 


t F{E) is the probability for a state of energy E to be occupied. There- 
fore probability for a state of energy E to be unoccupied will be [1 — F(E)]. 
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n k =\ E *Z(E)[l-F(E)]dE, 

—06 .. ( 0 ) 

where the lower limit has been taken — oo for conveinence and 
for it will include certainly all the holes in valence band. With 
(E p —E) > > a few KgT, 

l—F (E) = l— [exp {(E-E F )/KtT}+ir 1 
“1— [1— exp {(E-E p )/K b T }] 

=exp {(E-E F )/K B T}, 

from which we infer that since in valence band E < Fp, function 
[1 - F(E)] decreases exponentially. In other words, in going down 
below the top of valence band probability of finding holes decre- 
ases. This implies that holes reside near the top of valence band. 
The value of Z ( E) near the top of valence band is 

2 (2 m k *)W (E v -Eyt\ 

where w k * is the effective mass of hole near the top of valence 
band. Therefore from eq (8), 

n k =~ (2 m h *yi* j ^ (E v -E)'i* exp (^g~) dE 


■ 


Jf (2m**yi* exp ( 


Let 


and 


E v ~Ep 

K b T 

E v -E 

KgT : 

dE 
E v —Ep 
KbT 

E t —Ep 



(£„-£)V2 exp 


X. 


(2 m h *yi* exp (^~ 

—]f (2m k *yi*. exp ^ 
f 2nm k * K b TVI* ( 

2 l h 2 J ex P( 

after using — — for integrand 



xKgT, so that 
(x KbT) 1 ! 2 e~ m ( -K B T ) dx 


KgT j ™ 

E,~E P 

KgT 


I 


1/2 


dx 



...(9) 


that 


(c) Fermi Leva : In an intrinsic semiconductor, we know 


rtc=7I&. 

we of** pUtting values of " e and nh from equations (7) and (9), 

Q V v 




or 


exp 



Ep 


( m h * \ *1* 

\nt a *J * 


T 
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Taking logarithm, 

2 E F —Eg—E v 


or 


E f 


K b T 

Ec + E, 
2 


5 'o* ( m ‘ 



)+iwi°g {%\ 


...( 10 ) 


When = we find 

r E c -\-E c 


since log 1 is zero. This means Fermi level lies exactly half way 
between the top of valence band and bottom of cor duel ion band. 
But in actual case is greater than m e * and Fermi level is raised 
slightly as T increases. 

Density of elec'.roris in conduction band , n c , and density of holes 
in "alence band , interms of band gap E 0 : 

From equation (10), we obtain 

^ H A ' ir ' og C£ 


(Ef—E e ) 


\ rn e * 


s; 


imilarly, 

(£, -£>)= ( A 


EV> 


U.T log^ — f 

4 m e * l 


3 . 

- log — 

4 m c 


* 


Substituting these values in equations (7) and (9) respectively. 


n B — 2 


’2* m* K b T\*i 2 


h 2 


1 —E a 3 m,* 

exp ajr+4 log is? 


exp 



exp 


log ( 
\ 


2 ^ 27riw fl * A- b T j 3 / 2 

2 (^ T(:!; _r„ p (^) 

2 {md*nie*Y lA exp ^ 




:■) 


3/4 


W / 


Similarly, 

»,-2 


2K b T 


...(11) 


/ j 2 


) 


[ 2 /^ 7 ' 4 


log 


0 ( 2nm h * 7 T b r\ 3 / 2 ( m 

V h 2 ) \m a * 


- 3/4 


exp 


r 



1 


2tt/m a * /m a * \ 3 / 4 


«p 


1.2 A* /J 
1 


h 2 

i 2n k b t yi* 

h 2 


(m h */7i a *) s/4 exp 


1^1 

2k b t\ 


-E g 

[2K B T 


...( 12 ) 


From equations (11) and (12), we infer that 

n c ^=n h =n { 

so that conductivity of intrinsic semiconducting material is given by 

<J^me (Hn + Hp) 
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= 2 ' (mSm *)*'*. exp. «(/*»+/*p). - (13) 

From equations (11), (12) and (13) we arrive at following 
conclusions : 


(0 If a graph is plotted in log n e or log against l/T, then 
a straight line with slope — E t l2K B is obtained. The graph gives 

the temperature dependence of carrier concentration — it rises with 
the rise in temperature (fig. 6). 

(//) In an intrinsic semiconductor density of electrons in con- 
duction band equals the density of holes in valence band. 


(/») The slope of curve log a 
against l/T determines the value of E g 
which agrees fairly well with the 
results of other methods. 

It is to oe noted that the impor- 
tant assumption on which these results 
are deduced is that the Fermi level is 
more than a few K B T away from the 
bottom of conduction band, /.<?., 

(E'-E f ) > a few K b T 
and from the top of valence band, 

i.e. * 




(Ef E v ) > a few K B T. 

LAW OF MASS ACTION : 
From equations (11) and (12) of 


Fig. 6 Graph representing 
the dependence of electron 
density on temperature. 

art. 6*5, we find that 


n e X n s 


a (2*K B TV 




iVRi \ u I? 

h—j (jnSmW exp. ^ 


* t ^ at at a 8 iven temperature the product of hole and 
If nnH „ k! Vu S \ s ?°, n stant and is independent of the Fermi level. 

durtinn f t0ta ,| concentra tions of electrons and holes in con- 

duction and valence bands respectively, then by using the fact that 

n„— n=number of electrons in conduction band, 

and n A =p=number of holes in valence band 

we write ’ 


n e n h =np — 8 


2vK b T 
h* 


)Wm**) 3 ' 2 exp. 


a constant at a constant temperature. 
Ewen T ma,l?il, P ’ uSS.?.,* 1 t° ,ro ? and ho,e “Kcentrations, for a 

thafproduct'np^ema^ns^onstanl co r L^. s P.°^ l ^ n 8 decreaseTn^so 
action. "P le mams constant. This is Known as law of mass 
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Therefore in an intrinsic semiconductor 

np = n l p, = n i 1 , 

since n=p=n ( for such a semiconductor. The product np remains 
constant for a semiconductor irrespective of its being extrinsic or 
intrinsic : ni is called the intrinsic density of either carrier. 

67. IMPURITY SEMICONDUCTORS : THERMAL IONISA- 
TION OF IMPURITIES : 


The conductivity of semiconductors can be increased by adding 
some impurity atoms. The conductivity of the resulting crystal 
will depend upon the type and amount of impurity added. The 
added impurity may be either donor or acceptor type as discussed 
below for germanium crystal : 

Donor Impurities. If a pentavalent impurity like arsenic or 
antimony is added to pure germanium crystal then resulting crystal 
is called n type or donor type. 




> 4 - 4 








F/F Vi 

^electron of 
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COVALENT 60 RD 

WOW ARSER/C 

/MPOR/ry 
electron 


(a) 



(a) Arsenic impurity added to germanium crystal. Donor type impurity. 

(b) Acceptor type impurity. 

Fig. 7. n and p type semiconductor bands. 
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As shown in fig. 7 (a), four out of five valence electrons of 
arsenic atom form covalent bonds with the valance electrons of 
germanium atoms. The fifth valence electron of arsenic atom is not 
covalently bonded but it is not completely detached from the arsenic 
atom itself. A small but finite amount of energy is required to 
cte.ach it from the nucleus of arsenic atom. This amount of energy 
is known as ionisation energy of the arsenic atom. In germanium, 
ionisation energy of arsenic, antimony, phosphorous atoms is found 
o be approximately equal to 0*01 eV. It is observed that ionisa- 
tion energy decreases slightly with the increase of impurity contents. 

an n ari 0 nv sa ?° n ot an arsenic atom in germanium, almost 

valence ° mS W1 u 6 ,0nis< : d at room tem Perature so that fifth 

moves wi • each arsenic atom is detached completely and 
moves freely in a germanium crystal. 3 

Thn^th? ^ a* 16 i . mpurit y atoms > greater will be the free electrons, 
current! ndUCWlty ° f pure germanium increases. Since the 
conductor^ negatlVe,y char ged particles, this types of semi- 

donates electrons to the crystal conductivity, it is calledTmr 

between Ca j C w ^ en n type semiconductor is placed 

theirT Th P f eClI " odes and an electric field is applied between 

while the immnki CC r ° nS j W1 " dl *ff towards the positive electrode 

negitite elec“ode ‘ The'n d ° n ° r at ° mS are left in the vicinity of 

tTe same n ,, ele v 1 Ctr ° d r e < . and , the ““ber of pulled electrons is 

In this wav the nn ”1. Cr °// ree e ^ ectr ons to the positive electrode, 
ber of donor atom” 1 e ^°u^ re u e * ectr ons remains equal to the num- 
cally neutral T . ant ^ } here ^yth e sera iconductor remains electri- 

no? contrih.ite ^ dro P m the semiconductor. The holes do 

as minority carrier* whill^MV ^ ^ a ° d hence they are caI,ed 
carriers. e ^ ^ ree e ' ectrons are known as majority 

: " ' rivalent im P“ ri, >' atom < like b ° ron or 

electrons form to a gerraamnm crystal then its three valence 
SetSum atom? U ?? b0nd "‘f , the valence electrons of three 
deficiency is called a if 1 ? 1S a ^ efioienc y °f one electrons and this 
germaniL also twee The remainin g fourth atom of the 

seeks to acauire fm. a cova l? n t bond. As a result, it 

advantage of anv therm^ e ^ e< ? tron and it does so by taking the 
from neighbour?™? oer & m ? tlon tbat fortunately brings an electron 

to be captured Due m at ? m int ° a f avourable condition 

the adjacent atom that th,S Stea i' ng a< T tion ’ a ho]e « created in 
thermal effects. For surh mo ^ es about in a random way due to 
jump into the holes so™ D stea in g act ion in which other electrons 

equal ,o ?hc fonSion c 'eSvo 8 ? j S re ‘>f e< ! ^ I s a PP™™tely 

gy of donor levels in the same material. 


Semiconductors and Transistors 


221 


Impurity atoms that contribute holes in this manner aie termed 
as acceptors because they accept electrons from germanium atoms. 
f Since current carriers are positively charged particles (holes), this 
type of semiconductor is called p*type semiconductor. 

The p-type semiconductors has a large number holes (majo- 
rity carriers) with equal number of immobile ionized acceptor ato- 
ms; of course, the number of electrons (minority carriers) is negligi- 
bly small. Under the influence of electric field, mobile holes drift 
towards the negative electrode. When the holes reach the negative 
electrode, they pull free electrons from negative electrode and com* 
i bine with them. Hence the holes are neutralized. At the same time 
the drifting away of holes from the vicinity of the positive electrode, 
leaves the immobile ionized acceptor atoms unneutralized. This 
results in an electric field which detaches the loosely bound elect- 
rons from the ionized acceptor atoms. The free electrons then strike 
the positive electrode and enter the metal of positive electrode. 
Every acceptor atom, after having lost one electron, steals another 
electron from the adjoining atom, resulting in a new hole. The hole 
so created drifts towards negative electrode, while the electron cap- 
tured by the acceptor atom is detactied and lost to the positive 
electrode. The semiconductor remains electrically neutral as the 
number of mobile holes under all conditions remain equal to the 
number of acceptors. The voltage difference appears as th* voltage 
drop in the semiconductor. 

6*8. IMPURITY STATES : ENERGY BAND DIAGRAM AND 
THE FERMI LEVEL : 

In impurity semiconductor, impurity atoms, however, reduce 
the energy gap E g . Donors represent isolated energy levels located 
so close to unfilled band (0 01 eV below the lower edge of con- 
duction band) that very little energy is required to lift an electron 
from the donor level into the unfilled band (conduction band), 
where it is available for the conduction of electricity. Similar case 



(a) 


Fig. 8. (a) Indicating donor levels. 

(b) Indicating acceptor levels. 
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is for acceptors representing isolated energy levels close to the 

filled band. The energy levels of the impurity atoms are shown 

as isolated dots, no as a band becaase these atoms are isolated 

from each other, (/. . there is no interaction between impurity 
atoms). 

mtype semiconductor : Refer to tig. 8 (a). Below conduction 
band there are N d donor levels per cm 3 of energy Eu At low 
temperatures, small fraction of donors will be ionised and practi- 
cally donor levels will be filled with electrons. Let us assume that 

. ( E c - E f ) > 4K b t, 

then in that case density of electrons in conduction band will be 
given by equation (7) of art. 6 5, i.e. 


(2r.m*K B T \*/« 

( -fiT— ) exp. {( E F -E e )/K B T }. 


V h * ) *0)1*8* h ^ 

It we assume that E F lies more than a few KgT above the 
donor level then the density of empty donors is given by 

N d [1 -F(E f ) exp {(E t - E F )/KgT}. ...(2) 

But the density of empty donors should be the same as the 

density of electrons in the conduction band. Then from equations 
(1) and (21, we get M 


2 - 


2n m e *K B T l 3 '* 


/i l 


exp {( E F -E c /K B T} = N d exp {{E ( -E F )IK B T} 


Taking logarithm, 

( E P -E e ) (Ei — E F ) 

KgT K 0 T 


log N d — log 2 


2nm*K B T 1 3 » 
h 3 


or 


E 


E,+E c K b T. 

—■ 0 — + o- log 


N d “I 

2 nm 0 *K B T \ 3 1 3 


At 




Jr 2 


-) 


...(3) 


E f 


Ei±E , 
2 " 


w ich shows that Fermi level lies exactly half wave between the 
onor levels and bottom of conduction band. As 7 increases, 

e ™“ dr u °P s - ,.J^ S shown in fig. 9 for the case ( E F -E C ) 
=0 2 eV for three different values of N d . 

Putting the value of E F from eqn. (3) into exp (Ep—Ee). we get 

lK b T h . W&T.M 
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which when substituted in equation (1) gives 


-2f ^ f 

lr 


L 






2nm 0 * K bT \ ilZ 

lr ' ) 


3/2 


. exp {{E t — E^flKisT) 


(2iV d ) 1/2 


(2N d yi : 


7rtn*KnT 




*2 


3/ 


2 nm e *K B T 

h 2 


3/4 


. exp {(,£■( — E e )l2KgT}. 
exp (—AEI2KbT), 


» l o 


(- 


where AE=(E C - E,) is cailed ionisation energy of donors. We non 
that : 

(i) density of electrons in the conduction band is pr< po::tic.GC < 
to the square root of the donor concentration. 

(ii) as the temperature in- 
creases, the Fermi level fails 
below the donor level and it 
approaches the centre of for- 
bidden gap which makes ihe 
substance an intrinsic semi- 
conductor. The conductivity of 
intrinsic semiconductor is smal- 
ler than n or p type semicon- 
ductors. 

In fig. 9, a graph is plotted 
in log n c and 1 IT which gives a 
straight line with a slope 
— AE\7K b . If T becomes suffi- 
ciency high so as to excite 
electrons from valence band to 





.S l 


* . » » 


J 


Fig. 9. Variation of c: 
electron density with temp. 

reach directly to conduct on band (intrinsic excitation) t 
slope changes to -E„!2Kb as mentioned in second way o 
6-5. 

p-type semiconductor : Refer to fig. 8 (b). In this case accc 
levels lie above the valence band The density of holes ii 
valence band can be obtained exactly in the same way as in 
case of n e We can show that 


i 


n^—ilNa) 1 ! 2 J* 74 exo ( —AEj2K B T). 

where J £=£■,— F c . 

In this case Fermi level lies half way between the aco , 
levels and top of valence band at 7'=0°K. 

The above discussion holds true when density of available 
levels Zi with energy E t are occupied by density of donor electrons 
N d at r=0°K. as in the case of germanium and silicon containing 
trivalent and pentavalent impurities. But if Z < is much greater than 
N d , as happens in the case o f alkali halides containing excess metal. 
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then only a fraction of available levels will be occupied. In this 
eqifal to * eni P era * ure number of filled impurity levels is 


N. 


Z 


When ( Ei-Et , ) 


exp {(Ei-E P) /K B T }- f 1 



a few K b T, then 

N d =Z t exp {{E F —Ei)IK B T}. 
rrom equation (1), 

(2ixm*K B T \ 3 l* 

’- 2 [—W~) KbT 

t ' Xp , Ef E, 




n 


Ef-E, 


K b T 


exp 


Ei-E 


KbT 


2 


2t w*K b T \ 3 ' 2 (N d \ / Ei — E e \ 

-) \ z 7 ) exp (“ avt ')• 


•*/ e =2 


h* I VZ 

on using equation (6). 

Further putting 

4E={E e - E,) 

we find that the density of electrons in conduction band is given by 

(N d \(7nm*K B T \»/« /_J£ 

. U A F ) exp (^r, 

Dared'to ex P or l ent i^| 1 term consists of AE instead of AEj2 as com- 
pared to equation (4). „ 0 is proportional to N d . 

o'9. p-n JUNCTION : 

°^P *yP e material is in contact (say, used) with 

called n-n inn^t -t ^ en a^ C * Qter ^ ac . e between the different regions is 
The Fern?i i '°i n '- ^ l yP lca ' width of such a junction is 10 4 cm. 
valence hand CV u m p • ^P e rnater ' a l ' s located close to the top cf 

condition band' reaS ,n " ,ype mawrial il lies 10 the bottom of 

wee n^twn 1°^ ' S \ n 10 (6). When the contact bet- 

line electron* i mat; ^ la ' s . 1S made then to bring Fermi level in a 
Dentavfllcnt • • conduc tion band on n - type side (supplied by 

^ p ^ ^ ^ t ^ across the junction and leave 

there is a nnciV^i lm P urit y a t°ms unneutralized. Consequently, 
"-type material On ^ f barged region adjacent to the junction in 
the boundary rpcr. w l yP e . s ' de ’ tbe e l ectroris which have traversed 

Near to the Un^ b,ne Wlth P °- Sltive holes in lhe valence band. 
Used neeadiX 11 °" .°"/''^ e , side -. thcrc is a of utmeutra- 
negatively charred r * ^ lF lva ^ nt impurity atoms which foim a 

atomTate termed a ?o'n° s n Ta° <C) ' T1 ? Se “""'“"“bsed impurity 

lattice are immobile and n^ T fc CSC ,0nS bem ? boUnd in tbe crystal 

close to the junction . ° char 8 es are available for conduction 

the junction is called oh ™ Wl d ln i fig -' 10 ^)*. this region around 

region Due to this snar^ °u ge de P ,e,, °n region or space charge 

to this space charge, an internal potential barrier V B 
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Fig. 10. (a) a p-n junction. 

(b) non-equilibrium energy band scheme. 

(c) development of space charge near junction. 

exists between n and p-regions. The band edges in the two samples 
shifts themselves to make the alignment of Fermi level possible 
and the energy band diagram remains no more of the shape shown 
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Fig. 10 (d). Shifting of the bands of the two samples. 
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in fig. 10 ( b ), but assumes a shape shown in fig. 10 (d). The conduc- 
tion band of p type is shifted upwards by eVg over the conduction 
band of n type where Vg is potential barrier across the junction 
arising due to already mentioned space charge. 

Obviously, minority electrons in the conduction band of p- 

type crystal is at a higher energy than the majority electrons in the 

conduction band of n-type crystal. The electrons crossing the 

junction from p region side will not encounter the potential barrier 

while the electrons crossing the junction from n-region side will 
face this barrier. 

barrier voltage or contact potential 

ACROSS THE P-N JUNCTION : 

As mentioned in pre- 
vious article that due to the 
positively charged region on 
n-type side and negatively 
charged region on p-type 
side, there exists a space 
charge near the pn junction. 

The variation of potential 
arising out of space charge 
»s shown in fig. li. i t is 
shown that barrier potential 


610. 


is 


V B=" I n | + | V% | 

and the total width of space 
charge region 



Fig. 11. Space charge region around 
— -i i the junction. 

n sidesTespectively^ the Wldths of s P ace charge region in the p and 


d>arg T e° “ ' he * P “* 

_P_ 

dx 2 ~ e » t . (1) 

pemittiiuyof°the mechum VOlUme density of charge and * iS ^ 

givenbv C ^ arge dens ity * n P side of the space charge region is 

P=—eN a 

atoms. Ihe charged .(ionised) acceptor 

Trianon in p side region is given by 

d fV e N a 

dx* 


y 
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Integrating, 


dV_ 

dx 


eNaX 


-f Ci> 


-U) 


where Cj is a constant of integration. 
Applying the boundary condition : 

dV 

at a— *i, ^ 


0, 


to equation (2), we arrive at 

^ _eN a X 1 

Ci — 

€ 

so that 

dV eN a X 

dx ~ C 


eN a X eNaXi 

e ' e 


...(3) 


Integrating the above equation, we find that 


eN a x 2 eN a X\X 

o _ “t” 7 


+ Ca, 


2e e 

where C 2 is another constant of integration, 
dary condition : 

at x=0, V=0, 

to equation (4), we find that 

C 2 =0, 

so that 


...(4) 

Applying the boun- 




eN a x * eN a XiX 

' 2c + c ’ 

...(5) 

At 

x= 

II 

X 

II 


giving 

Vi- 

eN a X 2 

2c ‘ 

...(6) 


t > 


Similarly, for the potential distribution in space charge region 
> on n side, we apply the equation 

d 2 V eN d 

dx* ~~ 6 * 

where is the density of the positively charged (ionised) donor 

atoms. 

The solution of above equation, on applying the boundary 

condition is 

at x=0, F=0 

and -- dV „ 


eN d x 2 eN d X 2 x 

2e + « 

x=X 2 , V=V t , 


we get 
But at 
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so that 


V, 


eNjXf 
2e 


...( 7 ) 


given 


Therefore height of potential barrier across the junction is 


V 


B 


V 1 \ + \V i \ 
N a X l *+N d Xf \ 

2c ) 


...( 8 ) 

Since the crystal as a whole is electrically neutral, we get the 
charge neutrality condition 

NaX^NiX . 2 ...(9) 

Putting for X t from equation (9) in equation (8), we get 


• 


giving 


V B 




2c 


N d 

2c V B -i W 


...( 10 ) 


Similarly, we can obtain 




...(H) 


X. 


2c V, 


"ill* 


* (’4:) 


...( 12 ) 


The space charge region has a width equal to 
X=Xi-\-X t 


2eV B ymt N d /N a v' 2 



NolN t 


1/2 


« ) L l(^a + N d ) 

2cVb VlK/NaVI* 

N a 


(Na+N d ) 

iHisr+ai 


...(13) 


X 


__ c(A^a+iV d )J l\NJ ^\N d/ J 

If N d >> JV a> then we can neglect iV a in the sum (N a -\-H d ) 

and also the term NJN d can be approximated to zero. Then equa- 
tion (13) gives 

/4jv B yi>(N d yi* 

A eN d ) \N a ) 

(2*V B \V\ 

\eN„ ) ...(14) 

which shows that width of space charge region decreases as the 
impurity concentration increases. 

Further, we find the ratio 

^2 V-^aJ / 

and Aj Hd 

X~N« 

From above two relations we find that 

Vi_N* 

Vl «..(l£) 
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We note from equation (15) that when N 4 > > N a , V 1 > > V 2 
which implies that the potential charge is confined to the region 
which has impurity in small amounts (lightly doped). 

As mentioned in art. 69, the potential barrier is created due 
to the alignment of Fermi levels of the two sides. Refer to fig. 11, 
Fermi level on p side has come down by AE' and has gone up by 
AE on n side, thus 

AE' + AE=eV B . ...(16) 

We have seen in equations (10) and (11) of art. 6 5 that elect- 
ron density in an intrinsic semiconductor depends on the Fermi- 
level and addition of donor impurities simply increase the Fermi 
factor by exp ( AEjK B T ) where AE is the shift in Fermi-level. 


We know that density of electrons in conduction band in an 
intrinsic semiconductor is given by equation (7) of art. 6‘5wh ich is 




2 r.in e *K B T 

h 2 



Ef —E, 
Kb T 




Addition of donor impurities raises the Fermi level, say, by 
an amount AE so that new Fermi level is 


E f—Ef + AE 


Therefore density of majority carriers, i.e. electron density on 
n side will be 


(«o)r 


tide 


2 


[2^m e *K B T VI 2 ( E’p — Ef 


\ 


h 


exp 


K b T 


2 ( yi* (E f + AE-E c 


h 2 ) \ K b T 

— n i exp ( AEIKbT ). ...(IT) 

The density of minority carriers, i.e. electron density on p side 
will be 


("e)j> 


side 


n i 


where is the hole density on p side and given by 

n K —n t exp ( AE'/K B T ). 
Therefore (n e ) P side—nt exp (— AE'/KbT ). 

From equations (17) and (18), we get 

^ =eX p (** ±± E '\ 

(«e)p P V K b T ) 


or 


B 


= exp ( eV B /K B T ) 

k b t,_ r (« o ) 


log 


(«e) 



...(18) 


...(19) 


We can calculate the minority carrier density from the relation 


n c xn h =ni 


.2 


for a semiconductor or crystal. 
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In a crystal containing Na completely ionised donor atoms, 
we can write 


(n e '-{-Nd) nh' 


m 2 , 


I “ * 11/ - - w * 

where w„' and n h ' are thermally generated electron-hole pairs. 
When doping is such that Nd>>n 0 ' and is true for n type crystal, 


then 


N d n h '=m 2 . 


' ' If » 7 

in which n k ' should give the hole concentration in n type crystal 
or in other words give minority carrier concentration. Thus 

( „ _«/ 2 

( "» ...(20) 

Similarly, in crystal containing N a completely ionised accep- 
tor atoms, we can write 

n e ’ (N 0 +nh )=ni 2 ; 

when doping is such that N a >> n h ' and is true for p type crystal 
then 

rteNa=m*. 

( n c ')p=--ni z IN a . •••( 21 ) 

gives minority carriers (electrons) concentration in p type crystal. 
From equations (21 ) and (19), we get 

T (»«)» 1 

[~ S?~]* —(22) 


Vb= - — log 


c l r, t J ”‘ v j 

assuming that minority carriers on p side are thermally generated 
l.e. taking 

. . (^c )y =r: (^o)p* - 

Further majority carriers in n type will be largely contributed 
by donor atoms and we can take 

, . (w©)n — 

so that equation (22) becomes 
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6*11, BIASSING OF P-N JUNCTION ( quantitative ) : 

We shall discuss biassing of pn junction shown in fig. 12 in 
three steps : 

(A) p-n junction in equilibrium (no bias) : 

Refer to fig. 13(a). When pn junction is in equilibrium, the 
number of carriers diffusing from p side to n sid6 is equal to the 
number of earners diffusing fr om n side to p side. Consequently, 

; ^ e . r u c ^ rrent across the junction; this can also be concluded 
in the following way • 

rinpt^f le i^ Ctr0n i Cur . ren . t f rom P to n is proportional to the pro- 

nrohahiiitv r °r l ^ ens * lty * n P re gion and the probability factor. The 

because an v * w* C swee Ping from p to n region is unity 

y electron which comes to the edge of transition region 
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&4/VD 



L£K fc 


f£ftA4L£V£L 

9 
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space 

CPAP6£ 

peg/cw 


n rYP>£ 


Fig. 12. p-n junction. 



on p side will definitely sweep to n side for the former is a higher 
potential side. The density of electrons in the conduction band of 
P type is proportional to the Boltzmann factor exp [(£> — E c )/KbT]; 
therefore electron current from p to n is 

/ J) _ > . n =probabiiity x density of electrons in conduction 

band of p type, 

3/2 

exp {( E f ~E c )!K b T } 



—C exp ( -£/K B r ), ...(1) 

where C is the constant of proportionality and E is ( E c —Ep ). 

To calculate the electron current from n side to p side we note 
that 


In 


P 


probability x density of electron in conduction 

band of n type. 

The probability of an electron to climb up the potential barrier of 
height ( E + E F — E g ) is proportional to the Boltzmann factor 
exp [ — {E-\-Ep— E„)/KbT]. The density of electrons in the conduc- 

Therefor^ ° f ” type ‘ S P ro P ortional to ex P [-(£,- £/ 0 / AT* T]. 

"exp [-{E+E P -E,)/K B T] X C 

exp 1-(E,-E f )/KbT] 
—C exp [(—E-E P +E,-E, + £ r )IK B T] 

—C exp ( — E/KbT). ...(2) 

From equations (1) and (2), we note that 

Ijp — In 


In 


and therefore, there is no net current across /?-n junction. The same 
argument holds good for holes too. 

(B) p-n junction with forward bias: In fig. 13 (b) forward 
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CO A/Di/C r/o/v 
Set A/D 



Set a/d 



p 


6A/?/?/£ft 
w/Dr// 7i 

(a) 




(a) No bias 


( b ) Forward bias (c) Reverse bias 
Fig. 13. Biassing of p-n junction. 


bias connections are shown, p side is connected to the positive of 
the battery. Due to the external bias, equilibrium conditions are 

i* Ur !? eC * ^ ere .^ ore energy bands and the Fermi level are 

altered. Since in this case, negative of the battery is connected 
to n type side, energy of the electrons in n type region increases 
by an amount eV, where V is voltage applied by the battery. Con- 
sequently, as shown in fig. 13 ( b ) Fermi level rises by eV and the 
energy bands adjust their positions so as to suit the elevation of 
Fermi level. Due to the increase in energv on n type side, 
P°.\ ent ; al kaiTier is reduced to e (V B — V) t According to equation 
U4) ot art 6*10, space charge region width or barrier width or 
aep etion width is also reduced. The net result is that the electrons 

a. as l now face a low potential 

barrier and small widths of space charge region. Consequently, 

ey can easily cross the junction. Since electrons in n type side 

^ e ?°i naj . or, 'y’ across the junction increases considerably f 

fnnwQ h^- 11 ^ g ’ var > a tion of junction current with different 

forward biassing voltages is shown in fig. 14 . 


m ** everse Bias i Connections are shown in fig. 13(c), 

fS connected to the positive of battery. This lowers the 

tn j * ,de byan am ount eV raising the barrier height 

that ' a . increasing the depletion width too. The electrons 

lion a o^o? aj ° nty lT ? " side . win now face, in crossing the junc- 
reeion er P° ten bal barrier and larger width of space charge 
n side to „ -a re ] nu niber of electrons crossing the junction from 
reduced Consequently, current is very much 

V‘P iunrtion fif rSe b,asm S the p-n junction as shown in fig. 14. 

P n junction thus acts as a rectifier like vacuum diode. 


'f 
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Fig. 14. Variation of current with different biassing voltages. 

Breakdown of p-n junction : When a large reverse bias is 
appl^dv p-n junction breaks down. This break down occurs due to 
two maih reasons : 

\\i) J Avalanche breakdown : In this breakdown, conduction 
ban<£^fectrons make ionising collisions with the atom ol the crystal 
resulting in the production of electrons which further, in their 
turn, collide with other atoms. Thus process of collisions is 
stepped up. The cummulative effect of increased number of elec- 
trons^ tq break the p-n junction. 

/ (ii) J Zener breakdown : This breakdown occurs when applied 
clectric^neld is sufficiently high to push out the electrons of valence 
bamtth large numbers to conduction band. However, the voltage 
at which this breakdown occurs can he controlled by adjusting the 
impurity concentrations of the junction materials. 

6 12. CURRENT ACROSS P-N JUNCTION ( qualitative ) : 

When a P type material is intimately joined to N type, P-N 
junction is formed. Simply by putting the two junctions in contact, 
P- Adjunction can not be produced because the lattice remains dis- 
continuous at the junction. 

In fig. 15 unneutralised acceptor atoms with negative symbols 
in P section are encircled. The negative symbol is used because 
of the presence of the additional electron which was obtained from 
an adjacent electron pair bond. The hole left by the removed 
electron is represented by a small positive symbol. In N section, 
unneutralised donor atoms with positive symbols are encircled. 
The positive symbol is used because the atom is left with positive 
charge when the fifth electron has been removed. The free 
electrons are represented by small negative symbols. The circled 
sign represent charges on impurity atoms and are fixed in position 
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in the crystal, while the uncircled sign represent the charges of free 
electrons and holes released by the impurities. These electrons and 
holes are known as majority carrier. Due to thermal dissocia- 
tions of covalent bonds, there are few holes in N region and few 
electrons in P region. These are referred to as minority carriers. 




/v 




© © Or 
® © Or 

© © O 






♦ HOL £. J 

OAf£<C/77ML/S£D 

OA> OO/VOfi*! 

(a) 


(6) *O*M*A0 


(P) 



Fig. 15. Effect of junction bias voltage. 

. suc ^ a crystal, n^ar the junction due to diffusion, free 
electrons of the N section will combine with the holes of P section 
eaving unneutralised positive donor atoms and negative acceptor 
a oms in N and P sections respectively. This produces an electric 
eld across the junction as if a fictitious battery, shown in fig. 15 (a), 
onnected with its p >sitive terminal to N and negative terminal to 
section. This will prevent the electrons and holes from crossing 
tne junction against the electrostatic forces developed. Due to 
ermai agitation, only few electrons and holes can cross the junct- 
° r L lnan, y thei . r energy be insufficient to overcome this 
fig^KS* 1 ^ ^° rCe * ^ ar i a tion of potential at P-N junction is shown in 

__ if . 




r 


I 


(a) Zero bias, 




(b) 



(c) Reverse bias. 


m V (6) - F ° rward bias » V-/ 

h g ' 16> Variation of potential at P-N junction. 

tion V 1 order to . obtain current through the junc- 

iunction This is Hn * k neut * a !‘ se this repelling force across the 
that is a batt^rv is c 6 by app l yin 8 forward bias across the crystal, 

batlery, mak!;/ *£££** V* C ° PP ° site direction to fictitiou3 

free electrons in N Ve an ^ ^ section negative. The 

up by the nower snnrr 10n : he repelled by the negative force set 

P oy power source and wtll move towards the junction. At the 
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same time, the holes in the P section w>'|] be repelled by the posi- 
tive force set up by the power source and will also move towards the 
-junction. The applied voltage should be high to impart sufficient 

• • _ overcome the potential barrier at the 

junction and enable them to cross through it. In this \yav tWp j s 

a fl °wofa_mu]3j2er_ Qf freeele ctmns.from TV region to P region and 
a good number of holes from P region to TV region through the 
junction. As the applied voltage is increased further, the electrons 
and holes having lower energy will be able to cross the potent al 
barrier and the current will increase further. 

The current flow can be understood as follows : For each hole 
in P section that combines with an electron from A section, an 
electron from an electron pair bond leaves the crystal and enters 
the positive terminal of battery. Due to this action, a new hole is 
created which is again forced by the power source to move towards 
the junction. For each electron in N section that combines with a 
hole from P section, an electron enters the crystal from the negative 
terminal of the battery. The constant movement of electrons to- 
wards the positive terminal and the holes towards the negative ter- 
minal produces a high forward current I f . The minority carriers in 
the two sections (electrons in P section and holes in TV section) 
which are newly created produce a small reverse current I r . The 
net current (//— 7 r ) increases as the applied power of source is in- 
creased but the maximum value is always bmited in order to avoid 

the damage of crystal junction. The variation of 1, with applied 
voltage is shown in fig. 14. 

Reverse bias : If the crystal is reverse biased then the battery 
mcreas.es the restraining force and the current through junction is 
exeeedtngly-small. The cause of this small current is the conduction 
by the minority electrons and holes obtained due to light and 
thermal agitation. The electrons in TV section and holes in P section 
a re attracted away from the junction under the action of applied 

power source and thus causing minute current in opposite direc- 

uon. The reverse current variation with applied voltage is shown 
m fig. 14. The curves are known as static characteristics. The 
maximum reverse voltage that can be applied to the semiconductor 
should not produce excessive reverse current. 

* 13. RECTIFIER EQUATION : 

fn„r The net current density across the p-n junction has following 
tour components : Refer to fig. 13. B 

conrh!V ThC u CUr > rent II due to the dow of min'- -ity electrons in the 

direednn 0 ^^"^^ 77 t0 the eonduction band of n-type. The 

of r V 1 W, f n be shown from nt °P opposite to the direction 
electron flow from p to n thus 7 t flows from right to left. 

condnrn iTr! 1 k cu ^ rei l t r 2 due to the flow of majority electrons in the 
direct b an d of n tv P e to conduction band of p type. The 
n of / 2 will be from p to n i.e. from left to right. 
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(3) The current / 8 due to the flow of majority holes in the 
valence band of p type to the valence band of n type. / 3 flows from 

p to /j /.e. from left to right (the direction of current being the 
direction of flow of holes). 

i ^ . T be curren t h due to the flow of minority holes in the 
valence band of n type to the valence band ofp-type. The direction 
of / 4 is from n to p i.e., from right to left. 

Therefore net current density, /, flowing from left to right is 

/=(/ 2 +/ 3 )— (/j+/ 4 ). ...(1) 

The minority current of electrons from p side to n side is not 
a ected by the application of forward or reverse bias because what- 
ever be the bias potential barrier is always down to n side and 
therefore any electron reaching the junction boundary from p side 

'? SI ^ sx T e£ T > t0 « side. It means for I x no barrier exists and is 

Hpncif° n:> ’ ^°I l ^ ,S constanc y h is called saturation current 
density and is independent of applied voltage V. 

.^ e majority current of electrons from n side to p side is very 
• i !. Ive to the, applied voltage since electrons in the n type mate- 

vnltnt^ 6 T^ an i er may be raised or lowered by the applied 

trrm I ' • us ’ f° rwar d bias, current density for majority elec- 
tcon flow is /,=C, exp. [_.« (P,_ V),K*T\ ...(2) 

where C x is a constant. 

dnp«^rtt*H 1 ^ ar ^ r ® Un l ents * s tbe saturat ion current density which 

hofeV IS ° n i he appl . i J ed vol tage. / 3 arises due to majority 
holes flow from p side to n side and is given by 

/ 3 =C 2 exp. [-e (Vb-V)IKbT], ...(3) 

where C 2 is another constant. 

the iimeth?n 0W till at ■*“ ec l uilibrium when no voltage is applied across 
1 ies rSfl l i ]S a° *J et cu F rent a °ross the junction This imp- 

net current ^ in each 

with F=0 / 2=/i | 

/a=/ 4 J ...(4) 

Applying condition (4) to equation (2), we get 

h=C t exp . (—eVsIKsT) 
q u • /• Cl = /l exp * ( eV BlK B T ). 

Substituting this value of constant in equation (2), we find 

/ 2 =/xexp .(+eV/K B T). ...(5) 

Similary applying condition (4) to equation (3), we get 

h=C 2 exp. [— e y B j KBT) 

_ C 2 =/ 4 exp. ( e VnlK»T\ 

•It is to be mentioned her« * - — - — — 

of the flow in other band since current ^ 0w to one band is indepenpent 

in either band under equilibrium condftions* ^ 3Dy accumu * ation °* charge 
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With substitution of C 2 , equation (3) becomes 

/ 3 =/ 4 exp. ( + eVIK B T) ...(6) 

Putting equations (5) and (6) in equation (1), we get 

I=Vi+h) [exp. (eV/K B T-l)l ..-(7) 

(Ii+h) is replaced by 7 0 the total saturation current density 
giving 

/=/ 0 [exp . (eVjK B T)-l]. ...(8) 

Equation 8) is known as the rectifier equation. V is positive 
for forward bias and negative for reverse bias. 

Suppose a forward bias is applied such that 



then 


exp. 


eV 

K b T 


> 1 , 


and equation (8) becomes 

7W 0 exp. (eV/K D T), 


which shows that in forward bias current increases exponentially 
as shown in fig. 14. 

When a reverse bias is applied such that 



the “ . exp - {-£: f ) < '• 

and equation (8) becomes 

/=-/* 

which shows that current in reverse bias remains constant at / 0 , 

the saturation current until the junction breaks down as shown 
in Fig. 14. 

6 14. DIODE RESISTANCE : 

One of the most important properties of the diode is its resis- 
tance in the forward and reverse bias. An ideal diode must offer 
jtg lP resistance in forward bi as and infinitely T2fge" resistance in 
reverse bias. Here we consider the two resistances i.e., one d.c. 
resistance^ and the other a.c . resista nce or dynamic resistance. The 
equivalent circuit for the diode is shown in fig. 17 where R v and 
Rv are the resistances of P and N materials respectively. 


R-n I- V — J Rp 



F ig. 17. The cqi ivaleut circuit of a diode. 


v 
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...d) 




...( 2 ) 


The juction voltage is given by 

V=V x -l (R n +R P ) 

The d.c. resistance is given by 

V_x = V 

I / 

ZT rep , resents the d - c - resistance of the ideal part of the 
diode. The value ot r d . e . is given by 

r, e =Z y 

1 L ex P- (eVJK B T)-]] ...(3) 

I he a.c. resistance (r a . 0 .) of the ideal diode is given by 

_dV_ l 

Ta ‘ e —dl dlfdV 

1 


or 


(Iqc/KbT) exp. ( eV/K B T ) 
__ K b T 

T'U . e (l-hlo) 

The a.c. resistance of a real diode is given by 

Bq, 0 . =r a . e . T" B n -\-Bp 

K b T 


...(4) 


R 


0«0» 




At TOO 


e ('+'.) ■ ...(5) 

temperature (300°/f), the value of r a . e . is given by 

0-026 . 

ohms. 


a»c 


i 


where the current is in amperes. 

6 15. DEPLETION REGION (SPACE CHARGE! 
CAPACITANCE : 

narr Jwinf ca P acitance ar > se * from the widening and 

S r 9 ? n |u° f th d fP u letl °n layers as a func tion of the junction 

whh the S,nr2nn h barr J er width and the capacitance associated 

the case 3th J JrSlS ca P acitaace due to a gradual junction (as is 
ction is wmmetrirai ° J JJ n ® tlon )* Here it is assumed that the jun- 
good so that there i <i a “ d ^ ondact l v * t y of P and N materials is 

teS?,”. The differe " t are show!! Tfig 08 

concemra t ion, J Trf^ “ ?, SSUm ' d to >>= located at O, where 
The variaticm rtf »i f ors » ^4 and that of acceptors, N a are equal. 

is shown in fig ( 1 8 6) aCr0SS the J unct >on along X-axis 
fig. fls J) } fi d f ° rm of s P a ce charge is shown in 
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SPACE CHARGE 

----*4 

TWNSIT/OH I 

Fig. 18. Condition in a gradual junction. 

The space charge density is assumed to vary linearly with 
distance along A'-axis in space charge region and is given by 

P (x) = ax for — W n < x < W v . ...(1) 


P ( x) = ax for — W n < * < W v . ...(1) 

.her, „ = e - W =>(”»+ 

'' B W S \fl n n v ) 

The symbols have their usual meaning. 

Considering P side of the junction and applying Poisson’s 
equation, we have 

d 2 V __ — p(x) ax 

dx* t e ...(2) 

Applying the boundary conditions i.e., dVidx=0 at x—W v 
and P=o at x=0 and integrating twice the equation (2), ,we get 

2« U v ) ...(3) 

The value of V v , i.e., the barrier potential in P region is given 


ax 


by 


V v =V(W v ) 


V(o > ~ ~ 3 r 
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or 


Again 

Wn-- 

=W P 



(V j 


W B . 

=2JV P 

Similarly, 

V n - 

=V, 

t 

• 

m 

• k 

=2V P - 

Thus 

W B : 

=2 W p 


£ 

3 


V b =2V„ 

aW* 


2 


P 
€ 

3eV B 
2 a 


L - j .. ( 5 ) 

r rnm t ; e p t °. tal char fe ° n ei th e r S i d e ° f the junction can be found 
from the triangle of fig. (18 Id). 

Q=\ (base) (height)=£ (^)(^b) 

aWj* 

8 

o i/a r 3 


Now 


Q 

C T 


V B -v* 


or 


C 


^ r 

dQ a 11 * e*/ s (3 \V« 

dV B = 4 

/ 3e\*/*/ a y /* 

\I«/ 

vi6j y w^y b ~f 


♦...( 6 ) 


TK . . I f B r B J ■ ...(7) 

r>f «n rL* 0 ^ s ™ at ca P ac i tanc c varies inversely as the cube root 
or applied voltage, 

SOLVED PROBLEMS : 

atntn'™ t ^ te mobility of electrons in copper assuming that each 

C0D^er ,\ ?-n Ute ^T % ee elecUon f° r conduction. Resistivity of 
sms lr l \ lx L° > ohm - c ™- Atomic weight 63’54. Density 8’96 
couiomb. VOgadr ° 5 mmber 6-025. 10*». Electronic charge 1-6.10“» 

uirif first find the number of free electrons per unit vol- 

ume ana is given by * 

Avogardro’s number x dens ity 6-025 x 10 23 x 8-96 
Atomic weight ~ ~ 63.54 

- =-496x10“. 

Therefore mobility of electrons is given by 




ne 


where <r„ is the conductivity. If P „ be the resistivity, then 

[X 
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so that 




1 


p n ne 


1 


— l'7x 10 _8 x8’4v6x I0 22 x l'6x 10- 1 ® 
=43 - 28 cm 2 /volt-sec. 

2. Germanium is doped with aluminium so that the concentra- 
tion of acceptor atom is 2 x 1 0 21 atorns/m 3 . Determine at room 
temperature (/) hole concentration, (it) free electron concentration, 
and (Hi) conductivity, given that mobility of hole ^ P =0-17 mjsec.j 

volt/metre. 

(i) At room temperature (300° AT) all the acceptor atoms are 
assumed to be ionised giving an equal number of holes 

N a =2x 10 21 holes/m 3 . 

(ii) Intrinsic concentration of free electrons at room tempera- 
ture is given by 

-( EJ2KbT ) 


n ( 


A T e 

2 nmK B \ 3 ‘* 


2 


h’‘ 


T3/2 


-(E g /2K B T) 


2 


2ttx9-1 x 10- 31 x 1-381 x 10' 23 \ 3 ' 2 


xexp 


to'624)* X tU 08 

0-72 X 1-59 X 10- 18 


(300) 3 / 2 


where energy gap E { 



2x 1-381 x iU- 2S x 300 
0-72 eV. 

= 4-82 x 10 21 x ( 300 ) 3 t 2 e' 13 - 0 
4 - 82 xl 0 21 x 300 -v /700 



n 


rii 


— 10 29 poo =2 36 x 10 19 electrons (or holes)/ni 3 

Since the product np is constant, (independent of doping) and 
is equal to m 3 , therefore, free electron concentration in the doped 

semiconductor is 

£^^= 2 - 78 xl 0 » eleetrons/m 3 
p 2xl0 21 1 

This is negligible as compared to hole concentration. 

(///) Conductivity o = q (np n +pp p ) 

~qnp n 

sl*59x 10~ 19 x2x 10 2l x0*17 

^ 0*54 X 10 2 mhos/m. 

3. A p n junction is formed from germanium of conductivity 
ohm" 1 cm" 1 on p side and 1*6 ohm" 1 cm" 1 on n side. Calculate 
potential barrier and depletion width at 300 °K (n—2'l x 10 23 cm" 1 ). 
^p=2000 cm 2 j volt sec and p n =4000 cm 2 jvolt-sec. The relative dielec- 
tric constant for germanium is 16 and K B is 1*38 X 10“ 16 erg per °K. 
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tivity 


3 


N, 


n 


] -6 


N, 


e/j.„~l'6x 10~ 19 x4UUU 
2'5x 10 1B per c.c. 

08 




l'6x J0~ 1# x2000 


en P 

=2-5 x 10 15 per c.c. 

At 300°K, 

k b t l-asxio-^xsooxio 7 

e “ l'6x 10 -i9 -0-0258. 

Multiplication by 10 7 has been done to convert ergs into joules. 

Thp nnfpntial Karripr ic 


The potential barrier is 

K ° T log ( 


Vn = 


N d N a 


n< 


=0-0258 


108 (f 


6-25 X 10 s0 
41 x 10» 


The depletion width is 


0-2467 volts. 


X 


2eV 


B 


e(N a +N d y > 2 


™ . ,, 0-2467 

Taking V B =-^— — e. s. u. 


[\Nj 


2 \ 1/2 J 


+ 


N d 


and 


Here 


200 

c=4-8.10- 10 e. s. u. 

N d Na 
N d 
16, 

2x 16x0-2467 


N, 


a 

€ 


1 and (Ar o +Ar d )=5.10' 6 


X 


1/2 


30j xu-8 x 10* lu x 5 x iO 18 
0-4934 Vi* 


t(l) 1 / 2 +(l) V2 ] 


45 x 1 0® 


X 2 


49-34x10-® l 1 /* 
45 

= 1-9 x 10* 4 cm. 

. JUNCTION TRANSI5 

The two forms used are : 


X 2 




of JV-type semiconductor S tetweejV* sa " dwilchin g a thin la y er 
conductor. een tw 9 layers ot P-type semi- 

00 NPN type ; This is formed by sandwitching a thin layer 
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of jP-type semiconductor between two layers of iV-type semi- 
conductor. 

* Both types are shown in figure 19 (a), with their symbols for 
representation. 


The centre section is called the base, one of the outside sec 
tions —the emitter, and the other outside section— the collector 


1 p 

N 

P 

jEnn Her 

Base 

Z 

Collector 



i N 

p 

N 1 

j Cm i Her 

Base 

Collector 





(b)NPN 


Fig. 19. (a) Illustration of PNP and NPN junction transistors. 

The direction of the arrowhead gives the direction of the 
conventional current with forward bias on the emitter. The con- 
ventional flow is opposite in direction to the electron flow. Be- 
cause in PNP transistor, the emitter current is constituted by the 
fl ow of holes from emitter into base region, hence the conventional 
current flows from emitter into base. Thus the arrowhead points 
towards the base. On the other hand, in NPN transistors the 
emitter current is constituted by the flow of electrons from emitter 
into base region, hence the conventional current flows from base 
lnt o emitter. Thus the arrowhead points outward the base. 

Fig. 19 (b) shows the conventional polarities of "oltages and 

currents in both types of transistors. 


PNP transistor NPN transistor 

Fig. 19 ( b ) Conventional i olarities of currents and voltages 

The emitter current I c , base current /„ and collectc 


current 
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I c are taken positive when they flow into the transistor.- Consider* 
ing the common base configuration, the emitter and collector vol- 
tages are refered to base i.e., the voltage between emitter and base*- 
is represented by V& while the voltage between collector and 
base is represented by V ci . The voltage between collector and 

emitter is expressed by V cc . A dot is used on the arrowhead to 
indicate the positive polarity. 

Operation of PNP Transistor : 

A PAP junction transistor is made by sandwitching two PN 
germanium or silicon diodes, placed back to back. The centre of N y 
type portion is extremely thin in comparison to P regions. * 

The P region of the left cou.£CW/* 
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Fig 20 (o) Basic connection ot PNP 

junction transistor 


is connected to the positive 
terminal and N region to 
the negative terminal, i.e., 

PN is biased in the forward 
direction while P region of 
right is biased negatively 
i.e., in the reverse direction 
as shown in fig. 20 (a). The 
P region in the forward 
biased circuit is called 
emitter and the P region on 
the tight, biased negatively 
is called collector. The centre 
is called base. 

The majority carriers (holes) of P region (known as emitter) 

° , .y e ®!° n as the y are repelled by the positive terminal of 
battery while the electrons of N region are attracted by the 

positive terminal. The holes overcome the barrer and cross the 
emitter junction into N region. As the width of base region is 
ex reme y thin, two to five percent of the holes recombine with the 
tree electrons of AT reeion which result in a small base current, 
wnue the remaining hofes (95% to 98%) reach the collector junction, 
i ne collector is biased negatively and the negative collector voltage 
aids in sweeping the hole into collector region. 

mrrpnf ^ tbe r ‘8ht is biased negatively, a very small 

current should flow but the follow! n g facts are observed : 

innn/5 a substan , tiaI current flows through it when the emitter 
junction is biased in a forward direction 

than^that 'of the'ern itter^and aCross the collector is slightly less 

with the decre ascf or° increase n S t h function of emitter current >, \ e ‘ 

change in the collect*!!^^ a corresponding 
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The facts can be explained as follows : 

(i) The collector current increase as the holes reaching the 
Collector ^ UQCl ^° n are a * lractec ^ ^ negative potential applied to the 

(//) As already discussed 2 to t% of the holes are lost in 

recombination with electrons in base region which resuli in a small 

ase current, and hence the collector current is slightly less than 
the emitter current. 

I a i . current increases more holes are 

injected into the base region which are attracted by the negative 

potential of the collector and hence results in increasing the 

co ector current, in tins way emitter current controls the collec- 

or current. The control of collector current by the emitter 

is analogous to the control of plate current by small grid voltage 
m vacuum triode. & e 

Hence we can say that when the emitter is forward biased and 
co eciur is negatively biased, a substantial current flows in both 
the circuits. Since a small emitter \oltage of about (H to 0*5 
0 t permits the flow of an appreciable emitter current, the input 
power is very smalL The collector voltage can be as high as 
volts * thus permitting relatively large output power. 

Beside hole current another component of current fkws from 
ase region io emitter region due to the flow of electrons. This 
urrent is a function of emitter base potential When the width of 
ase region is very small, the ratio between hole cut rent and 
ectron current is very large and for the practical purposes the 
ectron current can be neglected Thus only the hole current plays 
e important role in the operation of PNP transistor. 

NPN Transistor Biassing : As shown in figure 20 (b) for an 
<i m Pufying action of NPN transistor, emitter-base junction is 
lased with a forward voltage and base-collector junction with 
^reverse voltage. A relatively high current will flowthrough 
ine emitter base j unct i° n and a relatively low current through 
me base collector junction. The 

is made thin so that its 
width is less than the mean path 
aken by an electron in the base 
etore combining the hole. The 
eitect of narrow base will be the 
musion of electrons into base- 
collector junction, where the 
applied voltage will draw them to 

'Vemitte! Crn ? inal - Then ^ nber Fig- 20. (b). AfW transistor with 
With k U eCtr ° nS combinin g biassing potential. 

current h ? les wil1, therefore > b y vef y small due to which base 
cur ,s f ,wa y s sma » whlIc > as stated above, emitter-collector 
sistor ' S large * ThlS ex Plains the amplifying action of the tran- 



p 

• 

i 

e 

6 

c 1 


1 


_ . __ J 

J 


1 

+ 

m • 1 

1 

+ 



Hand Book of Electronics 


From the above analysis following points are observed in case 
of junction transistors : 

(i) Holes are the major charge carriers in the PNP junction. 

(ii) Electrons are the major charge carriers in the NPN junc£ 

tion. 


(iii) In either type of junction transistors, the collector current 
is always less than the emitter current. This is due to the recombi- 
nation of holes and electrons in base area. The ratio of collector 
to emitter current is known as current gain. 


6 17. CHARACTERISTICS OF TRANSISTOR : 

The method of connection of a transistors into a circuit largelj - 
affects its input and output impedances. Therefore, the charac- 
teristics of the transistor will vary according to the methods ot 
connection. There are three methods of connection, (/) common 
base, (ii ) common emitter, (iii) common collector. 

As compared to vacuum tube, base serves the purpose of 
contro grid, collector that of anode and emitter that of cathode. 
The word ‘common’ is used to denote the electrode that is 
common to both the input and output circuits. We have seen 
that common electrode is usually grounded; therefore for ‘common 
we can also wfite^the word ‘ grounded”. All the three types of 
connec'ions are shown below in fig. 21. 



Fig. 21. Illustrating three methods of connection. 


Although there are several ways of plotting the static charac- 
teristics of a transistor, but' the most commonly used character* * 
tics are those which are drawn in collector current versus collecto 
voltage, one for constant values of emitter curiient and the othe 
for constant values of base current. The first family of curves i 
generally used for grounded-base connected transistors, while the 
second is generally used for grounded-emitter connected transistor . 


Common Base Configuration Static Characteristics : 


y 


Figure 22 shows the circuit' arrangement for determining the 
static characteristics of a PNP transistor "in common base confi- 


guration. 
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Fig. 22, Circuit arrangement for static characteristics of PNP transistor 

under common base configuration 

The curves of collector current I c versus collector voltage V cb 
or V c for PNP transistor are shown in figure 23. 

We see from the curves 
of figure 23 that collector 
current in a grounded-base 
connected transistor is 
relatively independent of 
collector voltage and pri- 
marily depend upon emit- 
ter current This behaviour 
is similar to that of pen- 
tode vacuum tube curves. 

If the collector voltage is 
reversed, then we see that 
for its very low values, the 
collector current is drop- 
ped sharply to zero; but 

if collector voltage is in- +*> ° ^ 

creased further, then col- COLLEC7D/? VOLTAGE (%) WH-7S 

lector current rapidly re- Fig. 23. Static common base collector 

verses itself and starts characteristics of a triode 

increasing in forward junction transistor. 

direction. If the resulting current becomes excessive, the transistor 
may be damaged. 

Common Emitter Configuration Static Characteristics : 

Figure 24 shows the circuit arrangement for. determining the 
static characteristics of a PNP transistor in common emitter confi- 
guration. 



DC 

OCMrC/fO- M/LLVJ*TMEr£X 



Fig. 24. Circuit for determining the static characteristics of a PNP 

transistor in common emitter configuration. 

The output characteristics of a PNP transistor under common 
emitter configuration are shown in fig. 25, in which collector 
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current is plotted against collector to emitter voltage V ee or V 0 

simply using the base current as parameter. 



- 5 -/O -re - 20 -26 -50 -55 -40 
C0U.EC7V* ML7XG£(Y C ) //V VOLTS 


Fig. 25. Output characteristic of a PNP transistor under common 

emitter configuration. 

It is observed from the figure 25 that for small values of base 

current, the effect of collector voltage over collector current is 

small while for large base current values this effect increases. 

Secondly, these characteristics have the same general pattern as the 

output characteristics in the common base configuration. However, 

the output current i.e. collector current is larger than input current 

i % e. base current. Thus the current gain in this configuration is 
greater than unity. 

6 18. IMPORTANCE OF CHARACTERISTICS : 

The characteristics are useful in calculating the current gain of 
a transistor circuit. The current gain of a common base transistor 
circuit is defined as ratio of the change in collector current to the 
change in emitter current for constant value of collector voltage. It 
is denoted by a symbol a called alfa direct current gain when 
specified for static or large emitter and collector currents. 

change in the co llector current 

change in emitter current ^ or constant 

collector voltage 

= (s/«W 

The value of a can be estimated from curves of fig. 23. It is 

seen that a is always less than 1 for the junction transistors. 

common emitter circuits the current gain is defined as 

° f the chan 8 e in collector current to the change in base 

constant v alue of collector voltage. It is called the 

vSL gain and is de noted by p for static or large 

values of collector currents and base currents; 


So 


a 
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II 



constant. 


The value of (3 is always greater than unity and can be esti- 
ated from figure 25. 

By definition, 


dl c =a. dl 0 . 

We know that the emitter current is equal to the sum of collec- 
tor and base currents 

dI e = dI 0 -\- dl b 
=a dI 0 -\-dI b 
°- dI b =dT 0 — a dl 0 =(l— a.) dl c . 

Dividing by dl c on both sides, 



• • 

6 19. LOAD LINE : 



a 

r~% 


A common emitter amplifying stage is shown in figure 26 (a). 
Rl is the load resistor into which the transistor is working. Now 
writing in a conventional n anner with terminal indicated by first 
subscript as positive, we have 


IcRl+V ec ^V c c 


or I = - - £C _i_ Vcc 

C ~Rl ^ Rl ’ .. (1) 

where Vcc denotes the supply voltage and V E j the voltage ac'oss 
emitter and collector. 



Fig. 26. va) Simple common 

emitter circuit. 


Fig. 26. (b) Load line plotted on output 

characteristics. 
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Common emitter configuration characteristics in which /„ is 
plotted against V E c for different base currents are shown in figure 
26 ( b ). The straight line represented by equation (1) is traced in 
this figure, intercepting V E c axis at V cc and I c axis at Vcc/Rl- 
The slope of this straight line is —1 //?x,. Such a straight line is i 
known as load line and its intersection with output characteristics 
gives a set of quiescent operating points for the device. 

Selection of the operating point is done according to the use 
to which the device is put. For small signal amplifiers, in which 
power is conserved, operating point should be so chosen as to give 
lowest quiescent value of collector current, while for an amplifier 
required to deliver sufficient amount of power, operating point is 
chosen so as to give quiescent current about one half of the maxi- 
mum permissible collector current of the transistor. 

Example : Figure 26 ( c ) shows the collector characteristic of a 
common base amplifier. The collector battery voltage V C c is 16V 
and load resistor is 40012. 

(t) Draw the d.c. load line and locate operating point for 
v ee = V5V and R e = 60Q. 

( H ) If the output is taken across a load R 0 = IK as shown in 
fig. {16d) draw the a.c. load line. ' 



Fig. 26. ( c ) Collector characteristic of a common base amplifier. 

P/VP 



Fig. 26. (d) Output side of a common base amplifier. 


Semiconductors and Transistors 


251 


(i) d.c. Load line : Here vce-icRi-Vcc 

One end of the d.c. load line is where ic = 0 

i.e ., i'cb— — Vcc= — 16F 

Now we plot this point as ic — 0 and 1 vcb \—\6V. 

The second point is located where v C b~= 0 

i.e., ic=V C c!RL= 16/400-40 mA. 

A line passing through these points will be d.c. load line. 
This is shown in fig. (26e). 


/I C /oac///r>e 


l £ = 40 m A 



■M 

■ ce 


Fig. 26 (e) Showing the d.c and' a.c. load lines. 

For locating the operating point, we write the equation fo 
input circuit. 

V E e=IeRe + Veb 

In germanium, V eB is approximately. 0’3 V 

l-5 = / e x60+0-3 

Solving we get / £ = 20 mA. 

So the operating point Q is selected corresponding to / £ =20m/ 
characteristic where the d.c. load line intersect it Correspoudin 
to operating point Q , V and ic— 18*5 mA. 

(ii) a c load line : In this case a load resistance R 0 = 1 KS 
is connected at the output. Assuming that reactance of C ? is negl: 
gible, the output a.c. load will be a parallel combination of R 
and Rl i-e. equivalent resistance R e is given by 

RlRo 400fl, x UFA, — 2S6 ohm. 


R 


Rl+Ro 400ft + 10 :, ft 


“ ~ ^ 

This load demands a new load line through the operatin 
point Q with a different slope. The slope is given. by l//?„=l/28 
ohm or 0+035 amps, per volt because l/7?=//F=amp./volt. 
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Po.m on .he “harac t eri“c dr ^ve a t8-6 0 V d 1?5 Lfand g 

Imtet'e rs7 l 'T 7 war l! s .^ ^ No^ 

is shown hv p ( 4v J 1 ^ — ^ AM. This point 

and 8 will bo the fc toad Hie' 81 ” 1811 ' paSsing ,hrough ^ 

6 20. CLASSIFICATION OF SEMICONDUCTOR DEVICES : 

The semiconductor devices may be classified as follows : 

K l ) semiconductor diodes : 

(а) Junction diodes : (i) Grown junction diodes, and 

( n ) Fused junction diodes. 

(б) Point contact diodes : 

(2) Transistors : 

( 0 ) Junction transistors : <i) Grown junction transistors, and 
Art a Vi tTn a (u) Fused junction transistors. 

and transistors : GROWN junction diodes 

controlled amXteV impur'itt areu2d 0n ’r Si ° Sl ? crystals "’ ith 
touching a seed crystal P fo f, r d ' 9[ ysta,s are 8 rown by 

material and then slowly withHr:fJ UrfaCe of liquid semiconductor 

in figure 27. The limitation ofthis proieKih® t ** Sh ° Wn 

•ration increases as more of the melt is used hat ,mpUn,y concen ' 

so P |'u tom”' imP “ ,i,leS ,end remain in 

the tonace r a ih'f rd the <™Peratnre of 

omro fed emP A r , a a‘“ re be - “cfoSy 

fn[o d mer lyC Th'e a,l ' n „ e r,red ma " ^ 

setmicondnctor is placed in ad aX/'and 

to it such that it* tnn u Y sAa is attached 


ytxr/c^L DAM? 

t 

/ &AS 0</TL£T 




nro*z. n /Awe/ry 


GAS /A/££T 



G.tOW 

pfysrAL 

A*X.r£# 

HUTCX 
COOLEO 
X.*//£4r* 
CO/l 


Fig. 27. Furnace usei 
for growing single larg 

pulled up, the crystal "stam^or* ? raaUa,ly crystal, 

agitation of the melt which iT^-^ and ^ r otat i°n produce! 

In order to form]u„cdoTd h'" Symrae ! rioal «y«al. 
u sed. 10 de or transistor, two methods an 

(i) impurity variation method, and 
00 speed variation meth^ ^ 

(or growth rate variation method), 
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(0 Impurity variation method : 

In this method, the impurity content of the metal is altered in 
its type as well as quantity. For example, in making NPN germa- 
nium grown junction transistor, first of all a small amount of /V 

type impurity is added to molten germanium. The shaft is lowered 

suitably such that the seed crystal be dipped into the melt and 

crystal growth starts. The crystal which now grows is of high 

resistivity N type due to the low impurity donor concentration and 

forms the collecto* part of NPN transistor. Now keeping the 

pulling continuous, enough P type impurity is added to the melt 

to overbalance the N type impurity. This P type region forms the 

base and is kept very thin as the seed crystal is pulled for a very 

short distance. Next, the impurity is again made N type by adding 

a large amount of N type impurity to the melt. The part of the 

crystal that now grows is of low resistivity N type and forms the 
emitter part. 

(H) Speed variation method {or growth variation method) : 

The grown junction may be formed by suduenly varying the 
Jjde °f polling the seed crystal from the melt. For example, arsenic 
(hi type impurity) crystallises such that its fraction in the grown 
semiconductor crystal increases with the increase in the rate of 
pulling. On the other hand, the fraction on indium or gallium (P 
type impurity) in the grown crystal increases with the dec ease of 
pulling rate. When the germanium melt contains proper amounts 
of impurities (Wand P types) and seed crystal is pulled slowly, a 
P type crystal is grown and if seed crystal is pulled fust then crystal 
grown is N type. In this way PN junction can be formed simply 
oy altering the rate of pulling the crystal. 

In order to prepare NPN transistors, impurities of both types 
(i-e. arsenic or antimony and indium) are added in proper quanti- 
ties. First of all the rate of pulling is kept higher, then slowed 
down for a short interval and again made high. In this way PN P 
transistor is formed. The crystal so formed is cut into rods along 
its length. Each rod contains two junctions and constitutes one 
grown junction. Now non-rectifying electrodes are deposited at 
each end and wires are attracted to end electrodes to form the 
emitter and collecto. leads. 

6 22 MANUFACTURE OF FUSED JUNCTION OR ALLOY 
JUNCTION DIODES AND TRANSISTORS : 

Fused junction transistors are generally of PN P type. First 
of all the semiconductor is refined to a high degree and then a 
large crystal is grown from this polycrystalline crystal as discussed 
m the previous article. The impurity added in case of PNP tran- 
sistor is of N type. A crystal of N type is formed by controlling 
the temperature and rate of seed crystal. The crystal so formed is 
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cut into thin wafers or plates by thin diamond cutting wheels of a 
size O-rxO-l'xO Or thick. Each such plate is then made into a 
semi-conductor or a transistor. When it is made into PNP tran- 
sistor, it acts as a base. After cutting, the plate is grounded, 
polished and etched. The cleaning agent, known as “etch” removes 
all contaminants and also surface irregularities caused by the 
cutting process. 

To prepare a PNP fuse junction transistor, on one side of the 
slice a small pellets of indium and on the other side a large pellet 
(about 3 times of previous) are placed. The larger pellet are used 
as collector and the smaller as emitter as shown in fig. 28 (a). The 
assembly is heated to about 500 a C in an atmosphere of hydrogen. 
The indium pellets (melting point 115°C) now melt while germa- 
nium does not melt as its melting point is about 500°C. 
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(a :,. Ge ™anium plate ( b ) Molten indium (c) Formation of P type 

with pellet before heating. pellets. germanium. 

Fig. 28. Formation PNP fused Junction transistor. 

nlatpnnH ^ 10 ^ ten tedium dissolve some of the germanium from the 
On cnr>linff r ^ S ^ ead of saturation solution as shown in fig- 28(6). 

'germanium f, se P arate a little, ^.s cooling proceeds molten 
P tvn, ? th lndlum content recrystallizes to form a crystal of 

the^nrbnm ani u m at S* solid liquid interface On further cooling 

SktaSu sCn E '™ a " iUm - M “* 

wav eSfcem di ° desare manufactured exactly in a similar 

P i dium pellet is placed only on one side of the plate. 

6 p 3 • P ° 1NT CONTACT DIODE AND TRANSISTORS : 

Point contact diode : 


sents a canacitanop 1 ^ 011 dlode the barrier is very thin, and iepre- 
tends to shunt om thf WCe r the lWo electrode?. The capacitance 
point contact form nrrw^ tlfyil \ g action at b'gh frequencies. The 

operation at microwav Vlde f-f ° W ? apacitance diode suitable for 
frequency work Ve ’ w ^ de junction diodes are used for low 


Early c3 lodes wprp A r • 

The semiconductor COntact fori u as shown in figure 29. 

water (fragment) is only a few millimeter 
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square and a fraction of a millimeter thick. 

^ The contact wire or catwhisker is usually 
phosphor bronze or tungston. 

The electrical forming consists in 
placing a fine wnisker or tungsten to the 
crystal surface and passing a pulse of large 
current through the system, generally by a 
discharge of a capacitor. I he result of lor- 
ming is to lower the forward resistance and 

raise the reverse resistance of the contact. Fjg. 29. Point contact 

* During the passage of forming pulse some semiconductor diode, 
whisker material melts. The molten metal welds the whisker to 
the crystal surface which gives the contact good mechanical and 
electrical stability. The details ot electrical forming are not under- 
stood. However, it is believed that a FN junction is formed at 
the contact because of melting of crystal surface and diffusion of 
whisker material into the surface at the point. Thus point con- 
tact diode and junction diode basical. y operate on the same prin- 
ciple. 



The detailed characteristics of 
a point contact diode depend on 
whisker composition, contact 
area > whisker pressure, crystal 
structure and crystal surface treat- 
ment. 

Typical voltage-current curves 
for a point contact diode are shown 
m figure 30. It is observed 
that temperature has an impor- 

tant effect on the characteristics 
an d there is sudden increase in 



Fig 30. Currem voltage cnarac- 


te r istic of point contact diode. 

current when the reverse voltage reaches the reverse breakdown 
voltage. The larger slope of the reverse current voltage charac- 
teristics of a point contact diode, at high reverse voltages, results 
because of local heating at the contact point. 

Point contact transistors : — 

A FNP point contact transistor consists of a crystal of N type 
germanium or silicon as base. The point contacts, one of tungston 
a nd the other of phosphor bronze f collector) are made on semicon- 
ductor base a few thousands on an inch 
a part as shown in figure 31. The con- 
tacts are formed in a similar way as in 
point contact diodes. The current may 
be P ass ?d either between each whisker 
and the base or it may be passed bet- 

Ween two whiskers. In this case, the 
current gain exceeds unity which is not a PNP transistor, 
^ound in junction transistor, and is commonly between two and 



r 


corner 

Fig. 31. Junction formed 
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THE TUNNEL DIODE : 

n e g a t i . vtTre siTtTnce 'i « 1 h p'T th ^ t ,. e ^ h ‘ bits a region of incremental 

.gallium arsenide became JfhTghde^tro^ mohlf t° f S^m mor 
ll^rSeavi v dS H 0de ' Both -£™ d ^regions in tunnel 

nor.. , JUsjos sible for carriers to t unnel rhrminh 

If to T\ nil I I ■ . _ jr - g 

Typically 11)-* cm:) 

_ • « * 


cA iicmeiy 

t Se~poient ia[ 

andjTavallaDie energy level exists on the other side. 

of a ^ tu “' 1 ** * 

rising portion is the normal forward 
biased diode region of the device. 

The cu rrent variation in the j ty 

or t he ori gin ^ is due ~to auahTmn 

mechanical tunnel ing of 



Fig. 32. Tunnel diode charac- 
teristic. 


a- r — _ t, electrons 

in rough narrow space charge Fegrn^ 

of the junction. As the applied vol- 
tage is increased from zero, tunnel- 
ing (current) first increases and then 
dec reases towards zero . This~dec- 

rease in current with increasing vol- 

reufnn eS \Vh £ ? egat ‘ VC resistance ftristic. 

ine effect e^c he f °, rWard VoItage is further increased, the tunnel- 

™o g „ve«ioS diode locreases * n a manner similar to a 

with re h f^!‘ C . al ° P u eratio " of a tunnel diode will be considered 

characteristic Th the reglor \® ^)» ( c ) and (d) of volt-ampere 
in fig. 33 " corres P° n dmg energy level diagrams are shown 

When the bias is zero, 

corresponding to point (a), 
it is observed that the tun- 
neling is zero, because there 
is just the same probability 
of electrons going from states 
m the conduction band of N 
sides to states in the valen.e 
band of p side as in the 

oppoMte direction. 

The current reaches maxi- 
?, u “ « ? oin < (6). From fig. 

the electrons in the con'lu'! 

b^nd see cmniv * — 

just across the barrie^and ^ ,g 33. Energy level diagram of tunnel 
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hence a large tunneling takes place. Again, the valence electrons 
in P types see forbidden levels to the left and can tunnel. 

Corresponding to £ point (c) when the forward bias is again 
raised, the conduction band electrons are raised to a level so high 
that only a part of them see available energy levels across the 
barrier. Ihus tunneling current is smaller than above. 

Now with reference to point (a), the tunneling has been com- 
pletely suppressed and ordinary injection currents are making up 
the current as is seen from fig. 33 (d). 

Tunnel diodes are useful in high frequency circuits. There is a 
v ery littl e capacitance associated with the junction and IfSnceTBe 
temperature effec ts are small, ~ ' 

6 25. ZENER DIODEOITbREAKDOWN DIODE : 


Zener diode is a silicon crystal diode having an unusual 
reverse current characteristic which is particularly suitable for 
voltage regulating purposes. The characteristic is shewn in figure 
(34a). It is obvious from the figure that as the reverse voltage 
applied to PN junction is increased, a value is reached at which the 

current increases greatly from its normal cut off value. This vol- 
tage is called a zener voltage or breakdown voltage and the reverse 
current as zener current. There are. two mechanisms of break-down. 
According to the first mechanism, new carriers are liberated when 
thermally excited carriers acquire sufficient energy from applied 
potential and break the bonds. The newly generated carriers, in 
turn, generate carriers by further breaking the bonds. In this way 
current increases tremendously without increasing applied voltage. 
According to the second mechanism, the breakdown is initiated by 
strong electric fields even if initially carriers with sufficient energy 
are not available. In case of zener diode, both breakdown exists 
simultaneously. The breakdown can be controlled by the an ount 
of impurity in the semiconductor, the nature of electrodes, and the 
forming treatment employed. 


Breakdown 
or zener 
Voltage 



Leakage 
Current 


zener 

Current 


For war 


Voltage 


j Current 


variable 

voltage 



ftego/atoa 
out /Out 


Fig- J4 (a) Characteristics of a zener diode. Fig. 34 (b) Regulating circuit. 

The figure (34 b) ;hows a basic zener diode D.C. regulating 
circuit. The diode is selected in such a way that its breakdown 
voltage is equal to the desired regulating output. When the input 
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fapuf PoUogre 



F ' g 34 (C) Transfer characteristic of zener diode 


' ' ^‘»aiav;icnsuc o t zener diode. 

through the diode^ndTth^wh 1 ^^ voltage > ver y sma11 current flows 

terminals. Bufwhen • J" 15 ^ appears ac ^s the output 

voltage, breakdown takes nhT PUt tage reaches the breakdown 

adjusted itself such that and CUrrent through thejdiode is 

constant. The transfer char? 8 ^ ac . ro ? s the zene r diode t remains 
— , T " * rans,er characteristic is shown in figure (34 cy 

LD EFFF.rT TD A\TOrom^« 


^ is snown ii 

Th tf u ! FFECT T8ANSIS TOR (FET) : 

current carriers avaHalsle ; l * * * ° r *a a < t ev ‘ ce ’ n which the number of 
application of an electric fie?^ ndU u t,ng region is controlled by the 
a field effect t r an ) S* field at the Efface of semiconductor or 
and hence the resistant op f erates ° n t ^ ie principle that the thickness 
material may be reeulnteJ a ° c ? nductin Z channel of semiconductor 

its input terminals. They are oftwo^es* ^ ° P ° tential applied to 
(1, Junction field effect transistor (JFET or simply FET), 

oxide semiconducmrfield^ffe . transistor < IGFE T> or metal 

ior ueid effect transistor (MOSFET). 
us we have the following classification of FET : 
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JFET 

(Depletion type only) 
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or 

MOSFET 



W 

I 


N-channel P-channel 
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Differences io field effect transistor and junction type transistor : 


FET’s 


Junction transistor 


1. FET’s have very high input 
resistance. It ranges from 10 8 to 10 1 * 
ohms in JFET and from 10 4 M. ohms 
to 10 7 M ohms in MOSFET. Thus 
FET is a voltage control device. 

2. FET is unipolar (can operate 
only in forward direction) i.e 
operation depends upon the flow of 
majority careers only. 

3. Transconductance is low 
(10,000/x mhos) and hence voltage 
gain is not large. 


Junction transistors have low input 
resistance. It ranges from 10* to 10 s 
ohms. Thus it is a current controlled 
device. 


The operation depends upon the 
interaction of both the majority and 
minority carriers and hence they are 
named as bipolar. 

Transconductance is very high so 
the voltage gain is high 


4. Lessnoisy as compared to junction 
transistor. 

5. Immune to radiation. 

6. Thermal stability is good. 

7- More costly than junction tran- 
sistor. 

8 The direction of arrow in gate 
terminal indicates the direction 
of gate current flow when gate junc- 
tion is forward biased 


More noisy. 

Sensitive to radiation. 

Thermal stability is poor. 

Less costly. 

The arrow in the emitter terminal 
points the direction of forward junc- 
tion current. 


9. The output voltage is linea- 
rly related to input voltage when 
used as small signal amplifier. With 
large signal non-linear distortion 

appears . 


The major application in the field of 
electronics is as amplifier. 


c 

The FET has a relatively small gain 
bondwidth product. 


6 26-1. JUNCTION FIELD EFFECT 

The field effect transistor is a single impurity .semiconductor, 
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Fig. 35. An //-channel JFET. 
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to which impurity material of opposite type is formed on both the 
sides. The construction is shown in figure (35). The basic material 
is N - type to which heavily doped P material (denoted by P+) is 
added. The major AT type area forms the channel. The ends of the 
semiconductor have heavily doped area (AT-}-). The current input 
side of the semiconductor is known as source (comparable to 
vacuum tube caihode) and opposite end as drain (comparable to 
plate of a vacuum tube). The opposite impurity control regions are 
known as gate (like a grid in vacuum tube). Between the gate and 
the source a voltage is applied in a direction which is reverse bais 
for the PN junction. A voltage is also applied between source and 
drain so that current flows along the length of the transistor. 


r 


Circuit symbol and notation. The circuit symbol and polarity 
notations for an TV channel FET are shown in fig. (36 a ). It should 
be noted that the direction of the arrow in the gate terminal indi- 
cates the direction in which gate current would flow if the gate 
junction were forward biased. When a P-type semiconduc'or bar 
is used, the gate is formed by making heavily doped N regions on 
both side of the bar. Such FET is called a P-channel FET. The 
circuit symbol and polarity notations for a P-channel FET are 

shown m fig (36 6). It can be observed from fig. (36 6) that the 

polarity of voltages are reversed as compared to Af-channel FET 
and thus I B and Nos are negative and V GS is positive. 


ORA IN D 



(CL) /V- CHAAt/VCL Ff 7 


U>) P-CHArt/VCl f£7 


Fig. 36. 
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The option of this transistor can be explained 
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to the mairfriir'J 16 * The l yP e layer provides a path 

voltaee hv an i ^ nt " main current is controlled by the signal 
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current Due to tl h h ° W \ reverse bias affects the control of the 
of immobile carr£ e I ? Ve n S !i l> !i aS voltage across /W junction a layer 
— J positive innQ CrS depletion layer) is formed with uncov- 

J° S t 'raL^!.° n ^ sldeaa d negative ions on P-side The 


ered positive inne n de P letlon la yer) is formed with 

thickness of denlpt° n ^ SlC ^ e - and negative ions on P-side The 

verse bias voltage 1°° ay ? r m . iV ' , > r P e channel increases as the re- 

g across junction increases Thus the effective width 
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of the chame 1 reduces with the increase of reverse bias Actually 

' ike a Ca P aci,or Thus [or “fixed drafn'o 

taee A sm J?* ^ d , ra '?- ? rrent is a Unction of reverse bias vol- 
large output sS prOVldPS a reverse bias controls a much 

typic^ C ch^Efr/T ICS “ The Static drain characteristics for a 
R - (37o) - h g lves vanat.on of j D versus V DS with V GS as a 
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is not uniform but is more pronounced at distances farther from the 
source as indicated in fig. (37/>). Thus when the drain source 
voltage is increased from zero value, the channel current 
increases at first but reaches a maximum value when the pepletion 
layer extends throughout the channel. As the applied voltage is 
further increased, the channel is pinched off (all the free charges 


from the channel are removed) and the current Id approaches a 


constant value. The voltage Vds at which the channel is pinencu 
off is called the pinch off voltage V P . Further increase in voltage 
Vds eventually causes the avalanche breakdown across the reverse 
biased gate junction and the current I D shoots to a high value. 
Other characteristics are similar to the one for Fcs=0 except that 
of a pinph-off voltage. 

ut off Condition : It is seen from the drain characteristics [fig. 
(37a)], that at a fixed value of Vds in the constant current region, 
the drain current Id reduces as the reverse-bias at the gate (Vgs) 1S 
increased. This is cue to the fact that as the magnitude ot Vas 
in the reverse-bias direction is progressively increased, the conduc- 
ting channel width decreases correspondingly. Finally, when Vgs 
is equal to V P (Pinch off voltage), the channel width is reduced to 
zero and the drain current Id becomes zero. However, in practice 
it is observed that some leakage current still flows even when the 
magnitude of V GS is made larger than that of V p . The manufacturer 
usually specifies a maximum value of leakage current at some value 
of Vds and Vcs • The leakage current is of the order of a few 
nanoamperes. 


Another important parameter is the gate cut off current or 
gate reverse current. It is gate to source current with the drain 
shorted to the source i.e. Fds = 0 and with I V GS \ > \ V P \ under 
cut off condition. Typically, the gate cut off current is of the 
order of a few nanoampere for a silicon FET. 

Shorted-Gate Drain Current. The current in the shorted gate 
condition is represented by loss • The subscripts stand for Drain 
to Source with shorted ga'e. Since the drain current is almost cons- 
tant in normal range of operation, loss represents the approximate 
drain current tor any drain voltage between V P and Vdss (max.) 
Idss represents the maximum drain current we can get for normal 


operation of a FET. 
\STr 


_ Transconductance Curve. A curve which relates the output 

current to input voltage is known as transconductance curve, For 

FET, it is a graph of Id versus Vcs. By reading the values of Id 

and Vgs from fig. (37a) a transconductance curve can be drawn. 

The shape of the graph is a parabolic curve i.e.. a part of parabola. 

Shockley demonstrated that the equation of transconductance curve 
ts given by 
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* G s 1'5V, the drain current Id is given by 
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IV then for 


I 


0-009 ( l + -^V=2-22mA 


Parameters relationships and transconductance. The parameters 
are related as follows : Parameters 

F^=Pinchoff voltage 
fo = Drain current at some value of V Gs ^ 0 
foss=Drain current at F! s --=0 
Fc s =Gate to source voltage 
Vds = Drain to source voltage 
g/,=Transconductance at Idt^Idss and VcsT^O 
8 /j=Transconductance at Id=Idss and F cs = 0 


Now g f . 


A Id _2/dss / j Vgs 


;s A 

— j using eq. (1) 


...(21 


A Vos V P \‘ V P 

and f g^2I DSS /Vp (v F cs =0) . 

^ ’arameters. In analogy with the vacuum triode or bino- 
j tI ?I| s,stor > the FET has the following important parameters • 
Amplification factor p. This is defined as 

(dVos\ 


..( 1 ) 


n . \3^cs ' Id constant 

dynamic d r ain resistance r D . This is defined as 

• r D -=( — 

V dlo ) Vgs constant (2) 

r^i J h reci P rocal of r d is drain conductance g D . This is also 
ceiled as common source output conductance. 

Mutual Conductance 'g m . The mutual conductance or the 
transconductance is defined as 


. . \3Vgs j Vos constant •••(3) 

T , iniS ls a,so called as common source forward transadmittance. 
1 he above parameters are related as 

[L— 7 D%m 

Comparison of N and P Channel JFETs 


...(4) 


N-Channel JFET 


P-Channel JFET 


trons T* 10 curren * carriers are elec- 

2,. 2 - The mobility of electrons 

is almost twice that of holes in P- 
channel. 

3. Low input noise. 

4. Large transconductance. 



Current carriers are holes 


The mobiliiy of holes is poor. 


Large input noise. 

Low transconductance. 


Thus in electronic circuits, 
P-Channel device. 


jV-channel device is superior to 
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Oons(*) froin 

AM/mw/om 


6 26-2. METAL OXIDE SEMICONDUCTOR FET : 

There are two types of metal oxide semiconductor FET. The 
hrst type is known as enhancement type MOSFET, while the second 

MtDSFET^k^ 011 Here we shall describe both types of 

(/) Enhancement type MOSFET : An N channel MOSFET is 
shown in figure (38 a) There are two highly doped (N+) regions 

strain. A layer of insulating silicon df-oxide T pUceTov 

Now over the insulating SiOj layer a V 

gate is formed. Three different ter- 
minals for source, gate and drain are 
taken out as shown in figure. The 
insulating layer between gate and 
channels provides a very high input 
impedance. When ^positive voltage 
is applied at the gate, it induces 
negative charges in insulating layer 

and correspondinglynegative charges 

in ^semiconductor. The negative 
char ge re gion in semiconductor inc- 
reas<^3£the positive voltage at the 

ne S^we charge in semiconductor helps in 

Co5 SS®i etwe ' a l J 0 ^ 75 ^. nd drain. In this way the drain 
cntjg^enha nced by the posit ive gate voltage. 

acferistfcs nf A^v? b ° W , the . drain characteristics and transfer 
acteristics of A-channel enhancement type MOSFET 



Fig. 38a. An .V channel 

MOSFET 



Fig. 386. 


The drain static characteristics 

type MOSFET 


of //•channel enhancement 
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Fig. 38c. Transfer characteristics of /V channnei enfteiKcmeni 

type MOSFET. 


It may be noted from fig. 386, that the drain current for V c ,s 
greater than zero is very small and as F C5 is made more positive 
the current increases slowly at first and then at a much more 
rapid rate. The gate source voltage at which the channel is for- 
med to let through the flow of drain current of predefined value 
(say 10 /a/I) is called the gate-source threshold valueA The gate- 
soured threshold value is demoted by V- jST or simply Vr as shown 
initg y8c. The current Idio") represents the maximum permi- 
ssible current on the drain characteristics of fig. 38c. These values 
(^sr and /o( 0 vi) are sometimes specified by the manufacturer for 

particular MOSFET. - 


(//) Depletion MOSFET : An // channel depletion MOSFET 
with its symbol is shown in figure (39 a). The difference between 
depletion MOSFET and enhancement MOSFET is that in depletion 
MOSFELan ff-type layer is also introduced between source and 



Draft. i 



p ( Subfrotej 


SOL/rce 

ISyrrrbof) 


Fig. 39e. Depletion type MOSFET. 

drain. When a negative voltage is applied at the gate, positive 
charges are induced in the channel. We know that the electrons 


— > 
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are the majority carriers in N - type material but the positive charges 
reduce the conductivity of this channel by forming a depletion 
layer. In this way the drain current can be reduced by applying a 
negative voltage at the gate. However, depletion MOSFET can be 
used in enhancement mode by applying positive grid voltage. 

Fig. (3 9b) and t39c) show the drain characteristic and trans- 
it f ° r aa ; Ar - channe l MOS FET which can be operated 

in both depletion mode and enhancement mode corresponding to 

negative ^nd positive gate voltages respectively. So more appro- 
priately, MOSFET may be designated as dual mode MOSFET. 



FlS * Sjb ' Drain characteristics of AT-channel dual mode MOSFET 



( Ho/j'sj 


It is obviousff* Cha L aC,Clistics of M channel dual mode MOSFET 

« J, zerfh '? K 8 '. (39c) - for drain currant 

as a PP re ciabIe value. The figure shows the gate 
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source cut off voltage Y Cs(off) at which the drain current Id reduces 
to some specified negligible value at a recommended drain voltage 
Vos- This voltage Vgs'oH) corresponds to a pinch off voltage V P 

of a JFET. 

The operation and the characteristics of a P-channel MOSFET 
are similar to //-channel MOSFET except that the signs of currents 
and voltages are reversed. 

6 27. THE UNIJUNCTION TRANSISTOR (double base diodes:: 

The device that leads itself to calculation on a negative 
impedance basis is the unijunction transistor. The device resembles 
the FET in the sense that it has only P-N junction and differs 
from FET because the junction is forward biased. The transistor 
and biasing are shown in fig. 40 (o) a^d 40 (b . It is a double base 
diode with a lightly doped bar of //-type silicon and has a junction 
located at the centre. The resistance between base 1 and base 2 is 
of the order of 5 to 10ft when the junction is reversed biased. 





to) (6) 

F g. / . Unijunction transistor construction Fig, 41. Characle ristic of 

and circuit diagram symbol. umjuncton tran- 

sistor. 

Figure 41 shows t,he static emitter characteristic of the transistor. 
For values of V E below (O' 5— 0-75) V BB , the emitter junction is 
j reversed biased, and only a low level of emitter current is possible. 

When the emitter diode is forward biased, more holes are injected 
into the bar which are repelled by base 2, but their presence in- 
creases the conductivity between emitter and base 1. This increased 
conductivity results in a repuced voltage drop V E required to 
support a given current level I E . Thus when the voltage from 
emitter to base 1 is falling, a negative resistance results. The end of 
this negative resistance region occurs when saturation is reached. 

For currents above saturation, the voltage again increases but only 
slowly. 

* 6 28. GUNN EFFECT AND DIODES 

Witn the help of junction diodes, high microwave power can 
not be obtained. While studying the properties of thin specimens 
of gallium arsenide, J. B. Gunn, in 1963 discovered that under 
high electric stress, there is periodic fluctuations in the current 
passed by the material. This effect is known as Gunn effect. This 
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is also known as bulk transferred electron effect. Besides gallium 
arsemde, there are few other semiconductors like indium phos- 
phide, cadmium telluride and indium arsenide which exhibit this 
property. 

Fig. (42) shows the construction of a typical Gunn diode, 
when a small d.c. voltage is applied across the thin slice of gallium 
arsenide, negative resistance manifests itself under certain condi- 
tions if the slice is connected to a suitably tuned circuit, 
oscillations occur. As the slice is very thin, the voltage gradient 
across the slice of GaAs is very high. Due to this reason, the 

ectrons velocity is also very high which causes the oscillations to 
occur at microwave frequencies. 
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Fig. 42. 
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pond to the time taken bv ®? cy of OSCll,at i OI ts produced corres- 

fype material,^ wid,h ° f W 
in gallium' arsenide^This'te ?hows the important energy levels 

gap between these two is mllv^,° te °T *5? & of the forbidder 
ation which is not found in small. This is a peculiar situ- 

nium and silicon. mmon semiconductors like germa- 

has an excess P of electrons IaMv * h Cr °u S a s,ite of GaAs which 

towards the positive end of th-v t °5 electrons flow (current) 

the voltage applied i. e higW • current is a function of 
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resistenre^hi'nrd 0 ^ &T ' * be dev ' ce behaves as a normal positive 
the nosirivp P h ^ mar> d ! odes ’ the component of velocity towards 
is Quite email nd ’ lmparted IO the electrons due to applied voltage, 

these electron C Tv^ Paret ii° ‘ he rando,n thermal velocity which 
the hiah vnhaf. o However > in case of GaAs Gunn diode, 
instead nf tr 8 ^.. gradient lm P iirt so much energy to electrons that 

fig 43 tT T fCVTed int ° ei W energ y band at the top of 

gives riJ" er f, they becomes less mobile i.e. slowed down. This 
thus tran^rl^ /- namC ‘ ransferred electron effect. The electrons arc 
which ih?\> e ^ ror ^ jhe conduction band to a higher energy band in 

Zta ' i/t mUC }J eS mobile and so the curre "‘ ls educed as the 

threshold ^ IS tbus seen that as the voltage rises past the 

exhibited Thr the . cu JT£. nt fal,s anJ the negative resistance is 
Other semiring m , ain d,fference between gallium arsenide and 

S«or m«eria!r mP ' y ba " d C ° mpartd V" 1 " seml ' 

(he The basic mechanism involved in 

from krwer calch * N i yp l GaAs d oviceosjo y^nsferlhe electrons 

in the unner 1 r ,°V n !, he lowcr conduc t'on band i> smaller than 

mobUiS r Pyba , nd -, Th j S Sh ° WS that therc are dlfferent 

electronsVMoufel^ ba fi d M \ N GaA ^- the most of the 
the lower condn ^. ectr J c fields and at low lattice temperature occupy 
c tower conduction band with ohmic current 

wher a~ J== ° E -0) 

is assumSf Here /,x is the currier concentration and 

cent rat knf be approrumately equal to the total carrier con- 
band. 1 and Ai is the mobility in the lower conduction 
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As the applied electric field is increased, the electrons gain 
energy and move upward in empty band. In this band their 
mobility is dec-eased as the effective mass increases, thus decre- 
asing the current density J. There is a certain threshold field 
above which this transfer starts to take place. Now the current 
density is given by 


J=aE—e ( n t +n 2 )nE 



where 


-_n 1 th+thto 

w o 

the average mobility of electrons. 

When the field is raised high enough, almost all the electrons 
transfer to empty energy band. The current density now becomes 

J=aE^en 2 fi 2 E •••(3) 

where n 2 =carrier concentr >tion in upper empty 

band, and 

P 2 =mobility in this band. 


A graph between J and E is shown in fig. 44. In fig. 44 /« 
is the maximum current density, J y is the empty band current 
density, E m is the maximum electric field required before the onset 
ot negative conduction region E a is the maximum electric field for 
which eq. (1) is va Hd, is electric field beyond which eq. (3) 
nolds and E v is the electric field corresponding to J v . Since J is 
proportional to the terminal current I and E is proportional to 
the applied voltage V, fig. (44) is the V-I characteristic of Gunn 
atone The region of the characteristic between E m and h v where 
current density decreases with increasing electric field is one of 
negative differential resistivity. 
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Fig 41* 
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The domain is quite capable of travelling and may be thought 
of as a low conductivity, high transfer region, corresponding to a 
negative pulse of voltage. When it arrives at the positive end of t 
a slice, a pulse is received by the associated tank circuit and shocks 
into oscillations. Infact, these pulses are responsible for the 
oscillations in Gunn diode, rather than the negative resistance. It 
is seen that only one domain, or pu'se, is formed ppr cycle of RF 
oscillations, so that energy is received by the tank circuit in correct 
phase to permit oscillations to continue. 


LSA mode and diodes. The term diode is a misnomer for 
Gunn devices because neither there is a junction nor the rectifica- ^ 
tion. This is called diode simply because it has two terminals. The 
Gunn devices have a number of names as transferred electron device 
(TED), transferred electron oscillator (TEO), bulk effect diode, 
bulk effect oscillator (BEO) and bulk GaAs oscillator. LSA is an 
acronvm used for Limited Space-charge Accumulation mode. In 
this mode the dom ain is not allowed to form at all. The frequency 
r.f. voltage are so chosen that the domain is not given suffi* 
etent time to form before it is extinguished. 


The basic construction of LSA 
diode is shown in fig. (4f>). The 
construction is similar to a Gunn 
diode with difference that the size 
of active region is much larger in 
this case. The larger size of the 
active region permits higher power 
dissipation which causes higher 
power output and higher operating 
frequencies. As the domains are 
suppressed, negative resistance 
operation takes place. This is rela- 
tively independent of transit time 



• „ ** , \ . mu*; f 

i.e. the device length. The voltage Fig- 46 

rnr^t ^* oc * e can increased considerably for 

current. Thu^ nnnmn • • ■ ? .al. 


r t ViT l increasea consiaeraoiy iui 

• thus the power output is increased significantly 

doraains° W * n ** ^ ^ steps use< ^ to P rcvent the f° rnl 


the same 
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ation 
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ofth ( i^ r A . S K h r n m the applied voltage is well in e> 

Value - This Mm together „' ith , hc exle 

the neonfivp SO ? rranged that the oscillating voltage exceeds 
be diss1pated reSlStanCe reg ' on * Thus any domain formation 


twentv lim e t[ eS ° nan . t frequency of the cavity is made three to 

cycle is ton f le rec l u i Te d value for domain operation. Now the rf 
cycle is too fast to perm i t the domains formation anywhere. 

(ih) The domain formation can be also prevented by carefully 
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Fig. 47 

chosing the ratio of doping level to the operating frequency. LSA 
mode has the following advantages : 

(a) High efficiency is obtained since most of the devices exhi- 
bit negative differential conductance. 

{b) ' Since the domains are not formed, high operating 
voltage is permitted without causing avalanche break down. This 
suggests high power operation. 

(c) This mode may be utilised for pulsed oscillations at the 
highest frequencies. 

« 29. IMPATT (IMPACT AVALANCHE AND TRANSIT TIME) 
DIODES 

The IMPATT diode is a two termin'T PN Junction device 
operating at reverse bias. The diode uses for its operation avalanche 
current multiplication to achieve a negative resistance. The negative 
-‘resistance may be used at microwave frequencies. The negative 
resistance of a device means the rise of current with a fall of vol- 
tage and vice versa. The negative resistance of a device may also 
be defined as the property which causes the current through it to 
be 180° out of phase with the voltage across it. Now we shall ex- 
plain the term avalanche current multiplication. When a sufficiently 
high electric field exists in the depletion layer, the velocities of the 
d carriers crossing the depletion layer increases. These carriers 
(electrons and holes) undergo collisions within the crystal. Out of 
these collisions some are so violent that electrons are knocked off 
~ , >he crystal atoms. This creates electron-hole pairs. The pairs attain 
high velocities to cause further pair generation through more 
f collisions. Near the breakdown voltage, the field becomes so large 
that the chain of collisions can give rise to an almost infinite 
U current with very slight additional increase in voltage. The process 
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is known as irrtpact ionization and production of very large current 
implies avalanche multiplication . A combination of delay involved 
in generating avalanche current multiplication, together with delay 
due to transit-time through a drift space, provides the required 
1*0° phase difference between applied voltage and the resulting 
current in an IMPATT diode. Fig (48) shows the active cross- 
sectional area of IMPATT diode. Now we shall show that how 
IMPATT diode shows a 180° phase difference i.e. a negative 
resistance. 



The back biasing of the diode, results in a flow of minority 
carriers across the junction. The junction is between p + and the n 
layers. Let us consider the effect of a positive swing of the r.f 
voltage superimposed on the d.c biasing voltage, assuming that 
oscillations already exist. Here the process of impact ioniza- 
tion continues until avalanche takes place. If the original ac 
biasing voltage is set just equal to the threshold required for this 
avalanche, then this threshold voltage will be exceeded during the 
whole of the positive r. f. cycle and the avalanche current multi- 
plication will be taking place during this entire time. Here the ^ 
avalanche is not instantaneous. Fig. (49) shows the voltage ana 
current curve. 

It is obvious from the figure that the current pulse reaches its 
maximum (at the junction; at the instant when the r. /• volt ^ 0 
across the diode is zero and going negative. This indicates a 9 
phase difference between the voltage and the current. D ue 
reverse bias, the current pulse drifts towards the cathode, i “ 
time taken by the current pulse to reach the cathode depends upo 
the thickness of n + layer fcnd its drift velocity. If the eXte f n r 
conditions are suitably arranged, it is possible to ensure a pna 
difference of 90°. In this way a total phase difference ot l 
exists between the applied voltage and the resulting current, s 
that the device may be said to exhibit negative resistance un 
these conditions. Such a negative resistance may be used in osci 
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Fig. 49. (a) Applied and RF voltage. 

(b) Resulting current pulses and its drift 
across diode. 

tors or amplifiers. Because of the short times of drift region, the 
frequency of oscillation mainly lies in microwave spectrum. 

6-30. PIN DIODES 

Pin diodes (p + — i- n+) find extensive use as microwave 
switches, with greatly improved switching times as compared to 
fN junctions. This is achieved by inserting a high resistivity 
intrinsic or very lightly doped material layer of somewhat more 
j thickness betv. -en a narrow layer of p-t ype semiconductor and 
«-type semiconductor as shewn in fig. (50). Silicon is mainly 
ysed in construction of PIN diodes but sometimes gallium arsenide 
is also used. Metal layers are added to the construction for contact 

purposes. 



Fig. 50. Pin diode. 

PIN diode acts as an ordinary diode upto 100 MH Z . However 
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above this frequency it ceases to rectify because of the carrier 

storage in and transit time across the intrinsic region. At micro- 
wave frequencies, the diode behaves as a variable resistance. Fig. 51 
shows a simplified equivalent circuit along witn its resistance- 
voltage characteristic. 




c 


d 


o 


(a) Equivalent circuit. 



voltage. 


Fig. 51. 

When a reverse bias is applied on a PIN diode, its microwave 
resistance lies in the range of 5 to 10 KQ. On the other hand, 
under forward bias conditions, resistances as low as 0'5 to 10$, 
can also be obtained. Thus, if a PIN diode is mounted across a 
50D coaxial line, under reverse bias conditions, it will not signi- 
ficantly load the line and therefore the power flow will remain 
uninterrupted. Moreover, under the forward bias conditions, the 
resistance of PIN diode becomes very low and as a result of this 
only a very small part of the power is transmitted i.e., most of the 
power is reflected. Thus the diode acts as a switch. In a similar 
way, it may also be used as a modulator and may be placed in 
series with the line or waveguide. 

Following are the typical applications of PIN diode. 

(1) SPST and MPST switches. 

(2) Pulse modulators. 

(3) Amplitude modulators. 

(4) Phase shifters. 

(5) Dipiexers. 

(6) T-R switches. 

(7) Attenuators. 

(8) Constant impedance devices. 

6-31. SCHOTTKY BARRIER DIODE. 

Schottky barrier diode is an extension of point contact diode. 
This diode is also known as hot carrier diode, a hot electron diode 
or an ESBAR diode (short for epitaxial Schottky barrier). The 
name hot electron diode is given because electrons flowing from 
the semiconductor to the metal have a higher energy level than 
electrons in the metal itself, just as the metal would if it were at 
a higher temperature. The most commonly used semiconductor* 
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are silicon and gallium arsenide. They have their own merits and 
dements ».<?., silicon is easier to fabricate while GaAs has lower 
noise and higher operating frequency, n-type epitaxial materials 

and the metal is often a thin layerof titanium surrounded 
oy gold and silver for protection. 


Schottky barrier diode shares the advantage of the crystal 
rectiher in that there are no minority carriers in the reverse direc- 
tion ( i.e no significant current from the metal to semi-conductor 
when the diode is reversed biased). The delay due to the hole* 

electron recombination present in junction diodes is thus absent 

ere. In Schottky barrier diodes, the junction areas are consider* 

a ly larger than point contact diodes and hence the forward 

resistance and so the noise is comparatively lower. The applications 

ot the diodes are the same as those of crystal rectifier i.e. micro- 
wave detection and mixing. 

<> 32. BACKWARD DIODES 


A backward diode is a special form of tunnel diode in which 
the negative resistance peak and valley region from the tunnel 

diode characteristic is removed by suitable doping and etching 

during manufacture. The characteristic of a backward diode is 
shown in fig. 52. In this case the forward current is very small 



Fig. 52. Backward diode characteristic. 

and becomes equivalent to the reverse current of a conventional 
diode. This diode can be used for a small signal rectifier. It has 
the advantage of not only narrow junction and therefore a high 
operating speed and frequency but also of a current ratio (forward 
to reverse! which is much higher than in conventional rectifier. 
This diode is sometimes called as tunnel rectifier which is quite 
common in use. This diode is used in video detection, low level 
mixing etc. as it is a low noise device. Mostly GaAs is used as a 
semiconductor material for its fabrication. 
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SILICON CONTROLLED RECTIFIER (SCR) : 

This is a semiconductor equivalent of thyratron tube. It con- 
sists of three junctions J lt J % and 40 . 

i! 


J 3 (J 1 and J 3 operate in forward 
direction while middle J 2 operates 
in reverse direction) and three 
terminals known as anode A, 
cathode K and gate G as 
shown in figure 53. In order to 
consider the operation of a sili- 
con controlled rectifier, it can be 
regarded as consisting of one 
N-P- N transistor and other P-N-P 
transistor interconnected as shown 

in figure (54). 

A 


Anode 




AC i Cathode 

Fig. 53. Structure of SCR svmbol. 
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P 


Emitter 

' 1 

At 
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Cottector\ 




4 


W 


(i) 


Fig. 54 


It is obvious from the figure that the junction / 2 is a collector 
junction common to both transistors while 7, and J z constitute 
emitter junctions of these transistors. As long as J , is reversed 
biased, the whole unit behaves as an open circuit between anode 
and cathoder^BUt when insert in e a current nulse at the gate G, 


the junction J 2 is forwar d biased, ther mit arts as _a^Rhort 

IvbYl 


the 


When a 



e current is limited only by load resistance 
positive voltage is applied at ^jauth. rei 
the emitter junctions is fortVard biased _ 

biased. IhiTs the twcTcurrents i Cl and /„ 2 are very small i-e., they 

areTEeleakage currents only. When grid is made positive, a large 
collector current i 0l flows through T v The current i Cl is the base 

current for T 2 , hence it causes a large collector current i Ci through 

the collector of T 2 , Ultimately the conduction through both the 
transistors takes place which leads to saturation state. Now, even 
if the grid is not supplied any current pulse, the SCR continues to 
conduct until anode voltage is removed or anode current is reduced 
below a cetain holding level. 

The voltage current characteristics of SCR is shown in 
fig. 55. When a reverse voltage is applied between A and K, 
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small leakage current flows. 

Similarly a small leakage current 
also flows when it is forward 
biased. When forward voltage 
is increased a break-down 
condition is reached which 
fires SCR . The firing of 
SCR can also be made by apply- 
ing a short positive pulse current 
at the gate. This is denoted 
by dotted line OB. SCR rem- 
ains conducting as long as istic of SC7?. 

the anode current is maintained larger than holding current If 
anode current becomes less than /#, SCR turns off. 

6*34. TRIAC _ 

. ^8- 56 (a) and (b) show the structure and symbol of a triac. 
Inis is a four layer device 

with three electrodes : ter- 
minal 1, terminal 2 and a 
control gate G. It is a bi- 
directional device as it can 
block voltages of either pol- 
arity and conduct current in 
cither direction. The bidirec- 
tional property is due to its 
junction structure. The N- 
type emitter at terminal 2 is 
located directly opposite P- 
type emitter at 1 and the 
P type emitter at 2 is locat- 
ed directly opposite W-type 
emitter at 1. The gate ter- 
minal makes contact (ohmic) 
with both P and N type 
materials. Thus it allows 

the use of either a 

• • 

positive or a negative pulse 
as trigger currents. The V-I 
characteristics are shown in 
fig. (57). 

The triac is said to be 
positively biased when ter- 
minal 2 is positive w.th 
respect to terminal 1 (oper- 
ation in / quadrant). It is 
said to be negatively biased 
when terminal 2 is negative 
with respect to terminal 1 

fop era ti° n m ill quadrant). F ig. 57. Volt ampere characteristic of a 
ltlus the triac can be trigg- triac. 






Hate 
Fig. 56 (a) 


(b) 


(a) structure of a triac (b) its symbol 
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ered with either positive or negative gate pulses when the anode 
potentials are positive or negative respectively i.e., triac is an 

a.c. switch which can be made to conduct on both alterations (half 
cycles) of an a.c. voltage. 

635. DIAC 

Fig. 58 (a) and ( b ) show the structure and symbol of a diac. 
This is two terminal device having a three semiconductor layers 
PNP. It can be made to conduct in either direction and hence a 
bidrectional device. It has no gate terminal. 



Fig. 59. Diac voltage current characteristic. 


The voltage current characteristic of a diac is shown in fig. 59. 
The two PN junction of diac have equal doping characteristics. 
Therefore a diac produces symmetrical switching characteristics 
for both positive as well as negative voltages. 

When the PN junction is reverse biased, then any applied 
voltage of either polarity causes a small saturation current across 
this junction. It is also obvious from the figure that the diac current 
rises sharply as the applied voltage exceeds the avalanche breakdown 
voltage. In this ON condition, the voltage across the diac decreases 
with increasing current showing thereby a negative resistance 
region. The diac is used as a trigger device in triac power control 
systems. 



6 36. TRANSISTOR AS A FOUR POLE : 

Whatever may be the circuit configuration, the transistor may i 
be regarded as a four pole network. Considering a common base 
configuration, the emitter and base terminals may be regarded as 
input terminals, while the collector and base terminals as output 
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Fig. 60. Showing the transistor 

as a four pole 


terminals. The four pole representation is advantageous because 
the four pole theory can be applied to the circuit analysis. This 
approach is more important for transistor than vacuum tube as the 
electrical properties of transistors vary appreciably with current, 
voltage and frequency ; moreover, it is also difficult to find an 
equivalent electrical circuit, which will represent the transistor over 
a wide range of conditions, Figure 60 shows the transistor as a 
four pole. The currents are taken positive when they are 

entering the transistor and 
negative when leaving it. The 
dots show the assumed positive 
polarity of the voltage. The 
circuit involves two voltages 
v x and r 2 and two currents i 2 

and i 2 . These quantities (t^, v 2 , i x and ; 2 ) can be related by equa- 
tions with the circuit parameters of the transistor. For the analysis 
of a transistor circuit, three following sets of parameters are used : 

(i) Impedance or Z parameters 

(ii) Admittance or Y parameters, and 

(iiii) Hybrid or H parameters. 

6-37. IMPEDANCE PARAMETERS OR Z PARAMETERS : 

The network behaviour is specified by v lf i u v, and / 2 as exter- 
nal quantities. Any pair of these may be arbitrarily chosen as 
ind' rendent variables leading to two equations which can be 
solved for the other two dependent variables. In impedance para- 
meters / x and i t are chosen as independent variables and v x and 
are chosen as the dependent variables. Thus 

v, —f (i\, it) ••-(!) 

=/ Uu h) -( 2 ) 

Writing the total differentials of equations (1) aDd (2), we have 


i 

v 2 


dv x 


\dijii 


dh+l dVl ' 


\di 


i)/, di * 


...(3) 


and 


Ms)..* 


h ‘ ..(4) 

Since we are interested in developing only the a.c. equivalent 
circuit, A quantities may be replaced by the symbols for the ins- 
tantaneous values of these variable quantities ; thus 

^iW 8 " 

Kj— Z u /1 + Z12 /* 


Avi=Vx 


dh //, 


di. 


or 


and 


...( 5 ) 




l 


di 



282 


Hand Book of Electronics 


or , f'j— Z 21 / 1 -fZ 2 2 /j. •••(6) 

Equations (5) and (6) may be represented in matrix form as 


n 


Zia 

. Th e quantities Z n , Z 12 ,~Z 21 S1 and Z 22 ‘ 
impedances and may be defined as 



Z 

Z 


im 


.47) 

are the open circuited 


Z,=Z 


ii 


z r =z 


12 


Z/=Z 


21 


(—l 

Vs (,//, 

\ 3/2 )h 

m = 

\d ijL 


Vx 

h 


V: 
i , 


v, 

4 

h 


open circuit input impedance, / 2 =0 

=open circuit reverse transfer impedance 
7 1= =0, 

open circuit forward transfer 
impedance, / 2 =0, 


..( 8 ) 


Z 0 = Z 


22 



V 2 

y-=open circuit output impedance, 7,=0. 

" 9 



From equation (5) it is clear tnat the voltage results due to 
the flow of current I x through the input impedance Z n and due to 
flow of current I x through the reverse transfer impedance Zn. 
Similarly, from equation (6), we may conclude that voltage V 2 
results due to the flow of current 7 t through the forward transfer 
impedance Z 21 and the flow of current 7 a through the output impe- 
dance Z 2 .. Figure 61 shows a two gene- 
rator form of equivalent circuit for 
transistor derived from equations (5) 
and (6). In general, one generator equi- 
valent circuit may be obtained by alge- 
braic manipulation of equations (5) and 

(6). Adding and subtracting Z, 2 , 7j in Fig. 61. The Z parameter 
equation (5), we have • equivalent circuit. 

Fi = (Z u Z l2 ) / t -)-Z l2 (Ii-\-I 2 ). ...(9) 

Again adding and subtracting (Z^h+Z^L) in equation (6), 
we have F 2 =(Z 21 -Z li )/ 1 +(Z 22 -Z 12 )7 2 +Z 12 (/ 1 +7 2 ) ..(10) 

The one generator form of equivalent circuit may be obtained 
with the help of equations (9) and (10) which is shown in fig. 61. 

The voltage generator of open circuit (Z 21 — Z, 2 ) (fig. 62) 

may be replaced, by a current generator of short circuit current 
[(Z„-Z 12 )/(Z 22 -Z l2 )] x 7j in shunt with the impedance (Z a2 — Z u ) 
and then the equivalent circuit takes the form as shown in fig. 63. 

With the help of equations (5) and (6), we have 

— Z 4-Z — 

- + A2 r 


Input impedance Z< 


and output impedance Z, 


7 * 


Z 2 2-\-Z. z - 


h 

h 


.. (ID 

...( 12 ) 
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^ te§ m Zg) ten ’Z/x) 


Uv“ z n)h I 
^ * 


1 1 


z n~ Z tz 


tezi-Za) h 


Fig . 62. One generator form of 

equivalent circuit ot 


tra sistor. 


Fig. 63. Current generator fo r m 

of equivalent circuit of 
trans.sior. 


Let us consider that load impedance Z x is connected across 
the output terminals, then 

V 2 — — h Z L ...(13) 


or 


— Z/„=Z 22 -f-Z 2 1 

* 2 


Solving it we have 


~ Z 2 i 

Z 22 +Zt 


...( 14 ) 


Thus the current gain At is given by 

a L 2 ~ ^ 21 _ 

A '~u "z 22 +z t - 


...(15) 


The negative sign appears due to the conventional direction 
of how of / 2 . 

The input impedance in this case can be expressed as 


z<=z u +z 12 . 

h 


Zj 2 Z 2 i 

Z 22 +Z|, 


...( 16 ) 


The output impedance Z 9 

the output terminals into the circuit. If Z$ is the source impe- 
dance, then 


V x 


Z 


Zn + Z i2 


A 

A 


or 


Z 0 — Z 22 


A — Z 12 

A Z n +Z 5 

z 12 z 21 


Zo 2 +Zs • 


...( 17 ) 


The voltage gain is given by 


Zl / 2 _ Zr. Z._,, 

Z< A (Zaj+Zi) Zt 


...(18) 


Power gain Ap~ 


JhXh 

A A Z< 


At 


2 Zt 


z, • 


...(19) 
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6 38. ADMITTANCE PARAMETERS OR Y-PARAMETERS : 

dent ™S» type u-, pa u ameterS> Vl and are taken as the indepen- 

Th? b i ?' A • th ^ dime . nsi °ns are those of admittance (mhos). 
The general functjona) relations are 

h=f(vi, v 2 ), 

h—f (v x , V t ). 

Taking the total differentials as before 


3/i 

dv 


and 


X dv 

d HtX dv Ak)v/ v ‘- 


...( 1 ) 

- . .. * ...( 2 ) 

, . . Jl 0 - P* 1116018 are employed and operation is over a range in 
which the slopes of the volt*amp ere curves or the partial deriva- 
tives are constant, then 

A=F U Pi+Yu V 3 , 

a = f 21 v a 

"„, r KMfi Sr lift ]• 

i ara !P ete , rs ma ^ defined from measurement on the 
inal network or from the above equations, by using short 

Sp,t e ? ina t 10n « For exam P ,e if 2, 2 terminals be short 

^u^A/Fi. Similarly, other parameters 

e obtained. The definitions of admittance parameters may be 
summarized as : 


...(3) 

..( 4 ) 

...( 5 ) 


Y<=Y 


11 


m 

\dv 1 /v, 


Yr=Y 


12 


9 A 

dv a 



A 

r, 

A 

Vr 


Y, = Y: 


ai 


f„=f. 


82 


(«S ) . 

\dv 1 )v a 

(*!i) 

\dv 3 Jv 1 


A 

Vx 

A 

>2 


short circuit admittance, V 2 =0. 

= short circuit reverse transfer 
admittance, F x =0, 
short circuit forward transfer 
admittance, V a — 0, 
short circuit output admittance, 

P,=0. 


...( 6 ) 


The two generator form of 
the equivalent circuit for a tran- 
sistor derived by using F para- 
meters with the help of equa- 
tions (3^ and- (4) is shown in 
figure 64. 



Fig. 64. Two generator form of 

equivalent circuit. 
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6 39. HYBRID PARAMETERS OR h PARAMETERS : 

As the transistor has low input impedance and high output 
impedance, the use of Z and Y parameters becomes awkward at 
high frequencies. The hybrid it parameters (/i for small signal 
device and H for large signal units) appear most useful for circuit 
analysis because they form a combination of impedance and admit- 
tance parameters, and are selected to suit the low input and high 
output impedances of the transistor. 

In this case v 2 and i } are chosen as independent variables while 
and i 2 are taken as depend ent variables. The different para- 
meters have different dimensions and hence they are known as 
hybrid parameters, 

v i=f (i\, v-i). 


and 


U—fOu v - 

Taking the total differentials : 

^ • 

Cl, 

d 


dv i 


dio = 


dv 
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*) di 
h) V 2 


1 + 


l!h\ 


\8v.Ji, 


...0) 

...( 2 ) 


or 


Again, we have 

Vi 
h 
V, 

h 


^11 ^1 + ^32 

K, 

..(3) 

/ ? 21 A +^22 

y t 

-.(4) 

h n 


[ M 


.^21 

^22 _ 

kJ* 

-(5) 


The h parameters are defined as 

J 8 Jl) - V > 

\dh)v 2 


hu — hi 


hi2 — hr 


dvi 

dv-t 


A 

v> 


short circuit input impedance, F 2 =0, 


i 


= open circuit reverse voltage ratio, 


/i = 0, 


...( 6 ) 


• \ w 

— 1 = — =short circuit forward current ratio, 

'ijv 2 /, 


0, 


h 22 = h 


V2-- 

9 ij\ _h_ 

dv 2 lij V 2 

The subscripts are modified in 
this case. The first letter indicates 
whether the particular parameter is 
input, output, reverse transfer or 
forward transfer ; the second des- 
cribe the transistor configuration. 

For example, in common base, 
following hybrid parameters are 
u sed h ib , h ri , h /b , and h Qb . Similarly, 


open circuit output admittance, ^=0. 





K', f f*i 14 


Fig. 65 Two gen rator-form of 

equivalent circuit using 
h parameters 
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h parameters for common emitter configuration are //<«, h rg , h/ e and 

"«>«• The two generator form of the equivalent circuit is shown in 
figure 65. 

These parameters can be obtained with the help of the tran- 
sistor characteristics as follows : 

Figure 66 shows the circuit arrangement for plotting the 
different characteristics of a common emitter transistor. There 
are four variables i.e. V be , V ee , /„ and I b and hence four families 
ot characteristics can be drawn. These are : 

(1) collector voltage V ee versus collector current 1 0 with base 
current I b as a parameter. 

(2) collector voltage V et versus base voltage V b0 with base 
current I b as a parameter. 

(3) base current I b versus base voltage V be with collector vol- 
tage V ea as parameter. 

(4) base current I b versus collector current I e with collector 
voltage V ee as parameter. 


OC.At&PO 

M/Mere# 


r n 

it 


a c.M/i Jr 

AM£TER 






* 1 

Vee 


v 


? 


Fig. 66. Circuit for plotting the characteristics of common 

emitter transistor. 

With the help of these characteristics, following hybrid para 
meters can be defined. 


(1) Output admittance h 0 « : 

It is defined as the ratio between change in collector current 
and the corresponding change in collector voltage when base curr- 
ent is constant. Thus 



(2) Reverse voltage gain b ra : 

It is defined as the ratio between the change in the base vol- 
tage and the corresponding change in collector voltage when base 
current is constant. Thus 
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(3) Forward current gain h /„ : 

It is defined as the ratio between the change in collector curr- 
ent and corresponding change in base current, when collector vol- 


tage is constant. Thus 


Hlsk, 

(4) Input Impedance h* a : 

It is defined as the ratio between the change in the base vol- 
tage and the corresponding change in base current when collector 
voltage is constant. Thus 


6-40. 



LOAD LINE OF A DIODE CIRCUIT 


DC Applied Voltage — Fig. (67 a) shows a basic diode circuit. 


The circuit consists of a diode D 
in series with a load resistor Rl 
and input battery. Fig (67 b) 
shows the static curve of the 
diode i.e. a graph drawn between 
Vd (voltage across diode D ) and 
current in the circuit. Applying 
Kirchhoff’s law to circuit (67 a), 
we have 

V^Vd+Vo^Vd+LRl ...( 1 ) 



Fig. 67 (a) Basic diode circuit. 


1= 


V. 


Static , , 

Character/ST/C 


s* 



Operating or t 

Quiescent point 





V Q Mis 


V 


V 

Fig. 67 (b) Characteristic curve with load line. 

When 7=0, then F— Vd- This gives a point A (Vd, 0) on the 
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horizontal axis. Now consider Vd= 0, then I=V/Rl which gives 
another point B (0, V/Rl) on vertical axis. 

A line pas ing through the points A and B gives all possible 
combinations of / and V D that satisfy eq, (1). The line is known 

as load line. The intersection of load line with static characteristic 
curve provides a point Q known as quiescent point or operating 



eq- (1), 


V__Vn 
Rl Rc 





line 9° m P ar ' n S ec b (2) wjth the standard equation of a straight 


y=mx+c, ...(3) 

we observe that the slope of the load line is f — l//?x.)- The load 

l he y axis at V J R l- Thu s for a given input voltage, 

.. u ^ , a hl g her ' oa( ^ be a steeper load line and hence a 
higher value of current at the operating point Q. 


_i - Applied _ voltage (Dynamic characteristic) — Fig ( (68 a) 
s the basic diode circuit in which the input voltage is a vari- 
form ,^ ur a * m * s to determine the output current wave- 

• rig, (68 b) shows the characteristic curve for the diode. For 

lo;iH n r enien V n -* erva ^ instantaneous voltage r<, we draw different 
lne ®' ll *s a l so obvious from the figure that the load lines 
e j^ ra C l ° cacb otber since R L is constant. The intersection 
or different load lines with static 
curve of diode will give the current 

m the circuit co resoonding to 

" ue r ° f '"Put voltage. With 
the help of these currents, the out- 
put current waveform may be 
considered. But the- following 
procedure is more convenient : 

It is obvious from fig. (68 b) 

intersect the^ta!* 68 1°* V< Fi «- 68 (a) Basic diode circuit. 

From V, and v ’ 11 ^ baracte nstic at points B and A respectively, 
through B and A v ? rtical lines and horizontal lines passing 

or Dynamic chararti^V^ 8 ? '}*'* etc ' * s known as Dynamic curve 
«»ic curve apclies onlvtll® *h U shoul 4 be remembered that the dyna- 

resutance for which it °d be circu * t containing the value of load 
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Fig. 68 (b). Dynamic characteristic. 


Transfer characteristic— The curve which relates the output 
voltage to the input voltage is known as transfer characteristic. 
Fig. 69 gives a graphical method for finding the output voltage 
waveform for a given input waveform using dynamic character- 
istic. 



Fig. 69. Graphical method for obtaining output voltage waveform 

using transfer curve. 


In fig. 69 the input voltage waveform has been drawn with 
time axis vertically and voltage axis ho izontally. The different 
input voltages are considered at different times t u t t , t t etc. and 
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Inters^ction^w^h 1 ^ 1 IinCS afe drawn t0 meet the transfer curve. 

values of outnnf 1 CUtVC are drawn horizontally to give the 

Next the ouZri,r lta8e “"“POKU.g lo times <* t,...e to. 
A>ext tne output voltage waveform is plotted. 

the outnut^fJn^H 1 the fig ' 69 that . for 3 part of the input signal, 

It is aiJn 2S *L ot a PP ear *•*•» the diode acts as a clipper . 

due tn n.ni; V10U8 . that out P ut voltage at the start is distorted 
due to nonlinear transfer characteristic 


exercises and problems 

1 . Define the terms (a) conductor, (b) insulator, (c) semiconductor. 

iscuss what is meant by P and N type semiconductors. Explain the 
movement of electrons and holes in a semiconductor. 

2. Explain the mechanism of electrical conduction in a typical semi-con- 

uctor like germanium or silicon. How ihe conductivity of pure semi- 
conductor is affected by adding traces of trivalent and penta valent 
impurities ? 

3. Describe the characteristics of PN junction. Explain the meaning of 
(a) reverse bias, (b) potential hill, (c) reverse current. 

4. Explain the difference between intrinsic and impurity conduction. Des- 
cribe the manner in which the electrical conductivity of impurity in a 

semiconductor varies with temperature for different amounts of impurity 
contents. 

5. Draw a typical current/voltage characteristics curve for a p-n junction 
diode and explain qualitatively its main features. 

6. Describe the mechanism of rectification at a p-n junction. What factors 
determine the reverse current in such a rectifier ? 

7. Explain what is meant by mobility of a charge carrier in a solid. Derive 
an expression for the conductivity of a semiconductor containing both 
free electrons and holes in terms of the concentrations n and p and the 
mobilities ^ and 

8. Describe the static characteristics of transistor for (a) collector current 
versus collector voltage for a constant value of emitter cuirent. (b) col 
lector current versus collector voltage for a constant value of base 
current. 

9. Explain the mechanism of current flow in a PNP and NPN transistors. 

10. Give a classification of semiconductor devices. How grown junction 
diodes and transistors are manufactured ? 

11. Describe in detail the manufacture of fused junction diodes and tran- 
sistors. 

12. Compare the performance of a transistor with a vacuum triode. 

13. Describe briefly the principle of a field effect transistor and compare its 
performance with a junction transistor. 
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14. Write short notes on MOSFET. 

15. Write short notes on (i) point contact diode and transistors* (ii) tunnel 
diode, (iii) field effect transistors and uni-junction transistor ? 

16. What are the different parameters used for the analysis of a transistor. 

17. Define (a) open circuit impedance (z) parameters (b) short circuit 
admittance (?) parameters and (c) hybrid ( h ) parameters of a four- 
terminal network. In what ways are the ^-parameters useful than other 
parameters as far as transistors are concerned ? 

18. What is meant by doping a semiconductor ? What basic properties 
must these doping elements possess to make a pure semiconductor a P - 
type or TV-type ? Explain the physical principles involved. 

19. Write short note on Gunn effect. 

20. What are D1AC and TRIAC ? Discuss their characteristics. 
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ELECTRON EMISSION 



passage of electrons from a metal into a gas or vacuum is 

f m i s « on \ ^e mec h a nism of electron emission is 
classified into the following categories i 


* ^ e . rn,I#on,#c Emission. When energy applied to the con- 

i? j r 4 L° en V* ^ ec * rons 1S the form of heat energy, the process is 
called thermionic emission. 


Photoelectric Emission. When the energv applied to the 
metaJ is in the form of light energy, the process of electron emis- 
sion is known as photoelectric emission. 

. u ^ Secondary Emission. If a fast moving electron collides 
witn the surface of the metal then the emission of electrons takes 
place. This is known as secondary emission. 

(4) Field Emission. If the electrons are emitted from the 

°* meta l by maintaining a certain amount of electrostatic 
held between the two plates of a vacuum tube then emission is 

known as field emission. 


For the study of emission process we shall first consider the 
structure of a crystal. 

7 0. CRYSTAL STRUCTURE : 

Whatever may be the method of application of energy to the 
crystal or metal, the electron in the crystal requires certain amount 
of energy to escape from the surface of the metal, known as pote- 
ntial barrier, and so it is necessary to study the structure of cry- 
stal. 


A metal consists of a conglomeration of crystals. Every crystal 
consists of atoms which are held in position by mutual forces, for- 
ming a regular pattern. Each atom consists of a nucleus surrounded 
by a number of electrons which move in various orbits. The elec- 
trons in the outermost orbit are called valency electrons, on which 
chemical behaviour of the atom depends. In a metal, since the 
atoms are very densely packed in any crystal, the valency electrons 
move freely from one atom to another in a random way. It has 
been found that 10 ia electrons/c.c. are free to move in this random 
manner. When an electric field is applied, the electrons move in 
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A 


?** d,rectK ? n ^Pending upon the direction of field and 

linn r? StltU f ean eIectnc current. Due to the heavy concentra- 
uon ot tree electrons, average velocity of electrons is of the order 
ot a few centimeters per second. 

71. BOUND AND FREE ELECTRONS IN THE CRYSTAL 
LATTICE : 



By Coulomb’s law, an isolated nucleus 
an electron distant r from nucleus equal to 



Zf_ 

4-r 2 e 0 ’ 


will exert a force F on 


where e 0 is the permittivity of free space and Z is atomic number o” 
atom and potential energy 



In the diagrams 1 ( a , b, c ) the potential energy E is plotted 

against r with two or more 
nuclei being present. 


The potential energy of 
the electron is largely affected 
b y the presence of more 
nuclei. As shown in figures 1 
> c ) the force acting on any 
electron is the sum of the 
torces due to separate nuclei. 

he forces have opposite 
directions at any point in bet- 
m two atoms and these two 
orces tend to cancel each 
other. The resultant force is 
small and so is the case with 

* P° tentia l energy as shown in 
the figure l ( c ). 


zero of pot. 

o f K£/?6 Y AT //YF//V/77 



Fig. 1 (a) Variation of potential energy 
E with distance r for an isolated electron 


kineft. g Wlth , thl ? P° tential energy, the electrons also possess 

Position T 8y ' • 11 1S the tenden °y of an electron to occupy a 
but onTv°/ m ? imUm Potential energy, f.e., close to the nucleus, 

For examni? r 5 in . of u el ^ ctrons can exist in different shells. 

d atp t P e > tbe K shell which is closest to nuclei can accommo- 

accommL e ‘ ectr .°d s - After K shell, L shell conies which can 

allov? TT. atC Clght electrons . and in this w ay the other shells 

"Valence \ outerm r ost , sheI1 1S L not often filled which consists of 

levels are ? Ctr ° nS i between ,he atoms > highest potential energy 
s are lowered due to combined effect of these several nuclei. 

ori B S S aH ? WS Some of the vaIence electrons to jump from their 
gmai nucleus. These electrons are called free electrons . The 
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ZLPOOA POTENTIAL ENERGY AT. 

i 0 INFINITY 



£aSwi^ 

WITH NUCLEUS 
ALONE 


P. E. OF 
AN ELECTRON 
WTH NVCLEU} i 

ALONJi 


WCl EUS l 


A*U<&£VS2 


Fig. 1. (b) Potential energy of an electron along a line joining two nuclei* 



ZERO OF POTENTI AL ENERGY 

METAL BOUNDARY 



AfiAAAA. 


Fig. 1 (c) Potential energy of an electron along a line through a number 

ot nuclei in a metal: 

electrons having energy much less than the top of potential energy 

humps cannot leave their parent nucleus. Such electrons are called 
bound electrons. 

T2. SURFACE BARRIER : 

The atoms in a metal are arranged in a particular geometrical 
form called space lattice structure. The valence electrons are free 
to move inside the metal but they are not allowed to leave the 
metal. When the electrons are detached from their parent atoms, 
the atoms acquire positive charges. The behaviour of electrons in 
two dimensions is shown in fig. 2. The removal of these electrons 

from the surface of the solid into the space is known as electron 
emission. 

Let us consider a free electron 
in the position C otB in the in- 
terior of the metal. This elec- 
tron is attracted by the surround- 
ing positive ions and as the ions 
are symmetrically placed with 
respect to the electron, there will 
be no resultant force on the elec- 
tron. This is true only for specific 

positions of electron and not for 
all positions. When this electron 
moves inside the metal, it is acted 


f 


© 

— 

© © 

© 


© 

©•^© 


Fig. 2. ShowiDg the arrangement of 
atoms of a met a] in two dimensions. 


* 
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I 

W 

upon by balanced and unbalanced forces at diflferent instants, of 
course, the unbalancing forces are not too much. Now consider the 
electron A at the surface of the metal. This electron is attracted by 
downward forces and hence it can not go away from the surface. 

\ In this way we can say that as along as the electron is in the in- 
terior of the metal it moves freely from one position on the another 
but when it reaches near the surface, downward forces act upon it 
and it is prevented from crossing the surface. Thus under ordi- 
nary conditions, the electron can not pass through the surface or 
the surface acts as a barrier. When the kinetic energy of the elec- 
tron is increased by external energy source, the electron crosses the 
barrier. The barrier experienced by an elec on at the surface of 
metal is known as surface barrier. 

' 7 2-1. POTENTIAL BARRIER DIAGRAM OF A METAL : 

From the emission point of view, it can be assumed that the 
interior of the metal is an equipotential region i.e. with no poten- 
tial barriers. This potential barrier level is regarded as zero. When 
an electron moves from the interior to exterior, first of all it is not 
being acted by any force f e. the barrier level is zero. When it rea- 
ches near the surface, it is acted upon by the downward force due 
to the nuclei of various atoms. The electron thus meets various 
barker levels which correspond to a particular energy. If the energy 
of the electron is greater than the energy of a particular level, it 
will cross the level, and if the energy is less than the energy of a 
particular level, it will not cross it. The potential energy diagram 
is shown in fig. 3. 

f 

* 

4 

t 



0/SfiL <4CE*/£/VT — 

Fig. 3. The potential energy diagram. 

It is observed from the figure that, (1) the distance OA corres- 
ponds to a region with no potential barrier, (2) if an electron 
) " having energy E a is moving towards the surface, it will just reach 
the surface, and (3 ) if its energy is E 1 it will be confined within the 
metal. It moves a distance OX, measured from a point well within 

< 
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the surface of the metal, (4) if the energy is greater than E„ it will 
cross the surface and will appear as free electron outside the metal, 
(5) the surface energy barrier level E a or simply barrier potential is 
different for different materials. This is measured in electron volts. 

7 2-2. FERMI DIRAC ENERGY DISTRIBUTION CURVE : 

To understand the thermionic emission of electrons from the 
metal it is necessary to have a knowledge of energies possessed by 
electrons *n metals. The energies can be evaluated from the Fermi- 
Dirac energy distribution curve shown in fig. 4. The distribution 
is given as 

jxt »r/ mJ r Sn^/(2m z WE dE 
dN—N(E)dE— h .\iicT \ » 

/»8 

where £=kinetic energy of an electron, 

E/= Fermi level of energy, 


N(E) 


= number of electrons per unit 

volume per unit change of 
energy. 


m=-mass of electron, 

h-- 


T 


=Planck constant, 

= absolute temperature of the 
electrons, 

= Boltzman’s constant 
When this is expressed in velocity 
range v and vA-dv , it has the from 



k 


dN 


%irm 3 v 2 dv 


Fig 4. Distribution 
function for K E. of 
elements in a space of 
uniform potential. 


(E—E,),/cl j 


h 3 [1 — e 
2 (m/h) 3 4 nt’ 2 dv 


1 + e 


(E-E f )/kT 


The total area under the curve is equal to the total number of 
free electrons in the unit volume of the metal. 

At T=0, Ef called the Fermi energy is greatest energy posse- 
ssed by the electron and all states below E e are filled, while all 
above E/ are vacant. The value of E f is given by 

where n is equal to the number of electrons per unit volume. 

The Fermi level varies with iemperature but the variation is 
very small and Fermi equation holds good over a wide range of 
temperatures below the melting point of metals. 

The quantity N (£) dE represents the number of electrons in a 
unit volume having kinetic energies between the limits E and E+dE. 
The function N (E) represents the number of electrons per unit 
volume per unit change of energy. Again the number of electrons 
in kinetic energy range 42? is equal to .V(£)xJf. 
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Thus according to Fermi-Dirac statistics, the electrons moving 

in a field free space have kinetic energies because of the velocities 
associated with their temperature and so distribution of energy 
among them. Even at absolute zero, the energy of the electron is 
not zero. At absolute zero, the maximum energy is E f . At higher 
temperature, more heat energy is stored in the electrons and their 
average kinetic energy is increased. Some electrons attain energies 
even greater than E f as shown in the curve at 1500°A\ 

7 2 3. ELECTRON EMISSION : 


To understand the process of electron emission, the potential 
barrier curve and Fermi-Dirac distribution curve are plotted as 
shown in fig. 5 ( a ). 

It is observed from fig 5 (a) that the Fermi level is less than 
the surface barrier E a • Thus at 0°K, no electron can be emitted from 
the surface. The difference ( E a - E f ) is known as work function. 
For the electron emission atleast this amount of energy (E+~ E a —Ef) 
must be given by some external source. This can be done by heat- 
ing the metal. 

When the metal is heated, the electrons that can acquire ther- 
mal energy are those which have the energies near the Fermi-level 
because these electrons have unfilled energy levels immediately 
above them. The energy distribution curve is modified as shown 
in fig 5 a(\) as the temperature is increased from 0 K to T K. 
The curve is asymptotic to the energy axis so that there is a proba- 
bility of some electrons having energies greater than the energy of 
potential barrier E a , as the temperature is raised from 0 K. Appre- 
ciable emission occurs only at high temperatures. The emission 
of free electrons depends not onlj upon energy above barrier level 
but also on the direction of its velocity. Thus an electron that is 
not directed towards the surface will never be emitted whatever 
may be the energy. 



(1) Fermi-Dirac curve. (2) Potential barrier curve 


Fig. 5 (a) 
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The variation of distribution function n x with E z is sketch- 
ed in hg. 5 (b) for temperatures of zero and 1500 degrees Kelvin. 

At zero temperature, curve is 
straight line showing finite number 
of electrons at zero energy and 
zero electrons at the Fermi level, jf 
but for higher temperatare 1 

(r=1000K) the curve extends its 
toe and thus half of the electrons ^ 

^-directed energies greater than 1* 

the potential barrier energy will 5ii 

be emitted. ^ 

Now to have clear conception 
of the escape of the electrons from 
the metal, we shall plot together 
the fig. 5 ( b ) and fig. 1 (c), the latter 
figure gives the space distribution 
of the potential energy of electron — ► 

in a metal or near the surface of a Fig. 5. (b). Distribution function 
metal. To make this combination, for x-associated energy, 

a reference level of energy in the two concepts must be found. We 
know that at absolute zero all the energy levels in the band of 
valence electrons below a certain level are occupied while all higher 
levels are unoccupied which is the same as discussed above in 
Fermi-Dirac distribution that all states below Ef are filled while all 
states above E f are vacant. The Fermi level of Fermi-Dirac distri- 
bution coincides with highest occupied level in band of allowed 
energies occupied by valence electrons and accordingly, we align 
the diagrams 5 (b) and 1 (c) as shown in fig. 5 (c). 



Fig. 5 (c). Energy level of p. e. and K. E , illustrating work function. 



Electron Emission 


299 


The energy difference between zero level of K.E. and potential 
barrier of the metal is called the surface energy E a . The energy 
between zero level of K.E. and Fermi level is known as energy tf. 
In order that an electron may escape from metal, it must have 
energy equal to E a or greater than E a . The difference of energy 
( E a — Ef ) is called the work function of metal. It is a function of 
temperature although to a very small extent. 

Therefore, an electron can be emitted from the metal on ly 
when the energy greater than or equal to the work function is applied 
to the electron and this energy may be supplied in the form ot beat 
energy, light energy, electrostatic energy giving different types of 

emission. 

Now we shall study different types of emission. 

7 3. THERMIONIC EMISSION : 

As discussed already, in the process of thermionic emission, 
the kinetic energy of electron is increased directly by raising the 
temperature. At sufficiently high temperatures an appreciable 
number of electrons will have the kinetic energy required to escape 
through the surface of the material. This results in thermionic 

emission of electrons. 

Richardson, in 1901, derived a relation in number of electrons 
(hence current) emitted per unit area of metal surface and the tem- 
perature in degrees Kelvin of the emitting material. Later on the 
relation was corrected by Dushman. 

Richardson, in his early attempt derived this relation on ther- 
modynamic basis. Later on, it was derived on the uasis of rermi- 

Dirac statistics. 

7 4. RICHARDSON EQUATION : 

Thermodynamic Derivation : The emission of electrons from 
the surface of the metal resembles with the process ot evaporation 
from the surface of liquid and the energy, that electron must 
give up in escaping, corresponding to the latent heat of evapora- 
tion of the liquid. 

The electrons in the metal, being densely packed, constitute 
the condensed phase, while electrons in space charge constitute the 
vapour phase. We assume that condensed and vapour phase are in 

dynamical equilibrium. 

Let p be the pressure of the vapour phase when equiliorium 
exists between two phases, and let V and U be volume of one gram 
molecule of electrons in free space (vapour phase) and metal itself 
respectively. If W be the energy absorbed during the evaporation 
of N electrons (where A represents the Avogadro’s number) then 
Clausius Clapeyron equation can be written as 

W—T < ~. (V— U). 


300 


Hand Book oj Electronics 


where T is absolute temperature in K of the emitter. 

Since v> > U. 

w= tv ^ 

Energy W is made up of two parts : 

(/) the work function energy required to liberate electrons 
from metal surface which will be N<f> if <f> is work function. 

. ■ done against the pressure p of electron cloud 

which will be pV. 

, First in his early derivation of 7 n /* relation, he assumed that 
the electrons in vapour phase (i.e. in free space cloud) behave as 
perfect gas particles; that is, ht ignored the repulsive force bet- 
ween electrons in cloud due to their negative charges and purely 
applied the concepts of kinetic theory. 

Therefore pV=RT, i.e. perfect gas equation, where B is gas 
constant per gram molecule, was applied in the derivation. 

Energy W can be written as 

w=m+ P v 

= N<f> + RT~: Nt + NkT, 
where k is Boltzmann constant. 

Thus equating (1) and (2), we get 

dp 


...( 2 ) 


TV 


dT 


A W+kT). 


Since 


p V= Nk r. 


V 


NkT 


Putting in above equation, we get 

NkT 2 dp , 

p dT '~ N W+kT) 


k. 


dp <f>+kT 


dT~ T 2 
Integrating the above equation, we get 

<t> dT 


dT. 


k. log, p 
log, P 


T* 

kT 1 


+ 


f, dT , 

1A:. constant. 


.dT+ log, T-f constant. 


6 


kT 2 


dT 


...(3) 


where A x is a constant. 

If in electron gas, the number of electrons per unit volume be 
n, then p=nkT and thus eq. (3) becomes 

p e \i^ dT _ j J dT 


A* e 


..(4) 
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where A a is another constant. 

. , If > be the mass of an electron, then the mean square velocity 
^ °* electrons within the cloud is given by 

\m 0 v 2 —lkT, 

3 kT 


®*= 


m 


From Kundsen’s cosine law, the number of electrons crossing 
unit area in the cloud per second, n 0 , is given by 


n 0 


n v 


Putting the value of v, 


V(6n) ' 


n 


»V(*) 




. _ . 0 \/(6nm 0 ) 

where C is a constant. 

Putting the value of n from equation (4), we get 

[ kT- iT 

n 0 =A t K1 . CT W. 

Assuming <f> to be independent of temperature, we can write 

after integration 

n 0 =AT'i 2 e~+l kT , ...(5) 

where ^=^,C=constant. 

The current density J of electron emission will be 

J=n 0 e 

=AeT lfi e~*l kT 
=A 0 T 1 t*e-*l*T. 

Ae. a constant. 

But when this relation was experimentally varified, then it 
gave the values A 0 and <j> very different from experimental values 
and thus the relation was descarded. 

Later on, Richardson and Dushman showed that <f> is a func- 
tion of temperature given by 

^—^o+ikT, ...(7) 

where is work function of metal at 0°K. 

From (7) it is clear that they have assumed the non-existence 
ot zero point energy which is contrary to modern quantum consi- 
aeration and for this reason derivation is not favoured, although it 
gives an accurate relationship which is derived below : 

Since 


where A 


...( 6 ) 


<f>=*,+$kT, 


we have 




kT * 


dT- 


4>o +ikT 


kT * 


.dT 
* 



kT + 2 l°g» T 
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Putting the exponential term value in equation (6), we get 

J-AJV* exp. [ -(* 0 /*r)+|. log, T ] 

=A 0 T 1 l* exp. (—<f> 0 /kT). T 3 !* 

=AqT* exp X-i>oIkT). 

When this expression was put to experimental test then it gave 
reliable values of work function. Dushman has shown that A 0 is 
a universal constant having a value of 120-4 amperes per square 
centimeter per degree Kelvin 2 . The discrepancies between experi- 
mental and theoretical values of A 0 was explained by Dushman 
on the basis of internal reflection of elections from the surface of 
metal. 

Drawbacks of above method of derivation : 

(i) In the derivation it is assumed that the metal contains 
‘free’ electrons which behave like the molecules of perfect gas, that 
is, the different forces between the electrons have been ignored. 

(ii) The classical theory fails to differentiate in forms of for- 
mulae (6) and (8) because ; 

(a) it is not easy to measure the high temperature accurately 
at which electron emission takes place ; 

(b) as the exponential term has a greater influence than 
other terms depending upon T, therefore a suitable adjustment of 
constants will fit both the formulae (6) and (8) to the experimental 

results' ; 

(c) if we ignore the assumption made i.e., <£=(£„+ ffcr, then 
T 2 formula will result in T 112 formula. The assumption made is, 
however, not suitable. 

Thus the thermodynamical derivation is not adopted these 
days. Thermionic emission is best explained by Fermi-Dirac 
statistics in which the concepts of Fermi energy and Fermi band 
explain the condition of emission. 

7 5. DERIVATION OF RICHARDSON EQUATION BY 
FERMI DIRAC STATISTICS : 

In the discussion of electron emission from metal, it was 
pointed out that only those free electrons will escape from tn 
metal which have got energy equal to E a or greater than E a , wher 
E a denotes the surface energy. 

According to the Fermi-Dirac distribution, the number o 
electrons per unit volume lying between moment um space p a 
( P+dp ) is 

8 rip 2 dp 

...( 1 ) 


dN 


As p—mv, dp 


h 3 [e {E Ef) / kT +l] 


m dv, we get 

3 


2 


dN 


m 

IT 


471V 2 


{E — E/)jkT 


+ 1 
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If v*. t>y, v z be the velocity components of the electron in x, y 
and z directions, then the phase-space volume between the velocity 
range v x and v x + dv x v y and v y -\-dv Vi v z and v z -\-dv~ will be 

4nv 2 dv=dv x dv y dv z 


m 


^ dv x dv v dv 


Therefore, dN= 

e iE-E,», 


...( 2 ) 


^The value of (E a — E f ) is of the order of 20 kT, while kT at 
300°K corresponds to an energy of about 0-03eV. Now in (£—£/) 
the least value of E required for emission of electrons is E a ; the 

quantity is much greater than 1. Therefore in the 

denominator, we neglect 1, i.e.. 


m 


dN 


\ 8 

1 dv x dv v dv 


( E-t,)lkT 


* (rf ~ mT *•*>*■ 


(?) 


» e E,lkT.-imW+v,’+vmT . . ^ 


m 


)■ 


EflkT -\mv*lkT - \mvy 2 lkT 


— \mv t 2 lkT , , , 

.e dv x dv v dv z . 


We consider that the surface of the meta! is a plane surface 
Perpendicular to the direction of x-axis. 


Now the number of electrons with a velocity component bet- 
ween v x and v x -\-dv x is given by 

dN x =N ( v x ) dv x 


E,lkT -bnv x 2 /kT , 


i:i: 


\m(y v 2 +v z 2 ) 


dvy dc z - 


But only those electrons which are travelling in x-direction 
will come out in yz plane (metal surface) and have got energy 
greater than (E a — £», the work function ej>. For finding out the 
number of electrons arriving at the metal surface per unit area per 
second (say n x ) y the above must be multiplied by v x \ as in unit 
tlrne there impinge on the surface all the electrons with the com- 
ponent v x which were contained in the layer of breadth v x infront 
0 metal surface. Therefore to calculate n Xi we multiply by v a 

and integrate between the limits J ^ j to 00 - 


j 
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Thus 




VClEalm) 


N(v x ) v x dv x 


EfjkT 

* 

-\tnvy 


Solving this integral, we get 


"■ =2 (r)’ 


V(2 Eo/nt) 


v„.e 


-ImvSIkT ^ 

\mv.*lkT d 


In, 


4 rmfc* — £>)/fc7* 

h* - 1 e 


...(3) 


Therefore saturation emission current density per unit area 


Putting 


Js=e.n x 

Anmek 8 n 

. Airmek* 

5 A - -pr 


.T*e 


( E a -E f )lkT 


. .(4) 


and e<£ =(£,—£», 


work function 


( Ea-E t) 


Js=AT* e-*+'*T. 

Equation (4) can also be written as 

J S =AT* «-»/*• where bJ±- 

k 


...(5) 


w w 

The equation (4) is known as Richardson-Dushman equation. 
Dushman has shown that A is constant for different metals ana 
theoretically substituting the values of m, k, e, h, we get ,4 = 120-4 
amperes/sq. cm. /degree Kelvin*. The value of work function varies 
from metal to metal. 

7-6. EXPERIMENTAL VERIFICATION : 

The value of constants can be calculated easily by putting the 
equation in the form 

T1 r t 


l°g.^= lo g« A-^,=\og» A-~. 


tHint 


ta,: L 


e ** dx=-y/n 


[ e~^ mv ^ kT dv _ V”V(2kT) 
„ , 1 Vm 

To evaluate 


let \mv x % lkT- 


or 


) V(2 Ea/m) * >xe * mV * lkT dv *> let kmv^lkl 

TF 5 -* so ,ha, -EJkT 


dt so that — f 

m J 


EalkT 
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1 


If we plot 
Js 


a graph ia 


y 


T and log, a straight line is 

obtained. The intercept made 
on y axis gives the value of log, A. 
The slope of line with x-axis gives 
the value of b. From these data, 
values of A and <f> can be calcula- 
ted by taking different metals for 
different emitters. 

We shall tabulate here the 

representative values of therm- 
ionic emission constants for some 

pure metals : 



& 


Fig. 6. Graph in \\T and 

JsIT. 


Metal 


A in 

amp/cmVdegree K l 


b in A' 


Melting 
point 
in K 


Work 
function 
4> in eV 


Calcium 

Carbon 

Cesium 

Platinum 


60 2 
60 2 
60*2 
60-2 



26,000 

46.000 

21.000 

59.000 


1,083 
3,773 
29 9 
2,028 


2 24 
5 34 
1-81 
5*32 


7 7. EXPLANATION FOR THE DISCREPANCIES IN 
THEORETICAL AND EXPERIMENTAL RESULTS : 

From the experimental data, we find that the values of A and 
^ do not tally with the theoretical results. This deviation from 
the experimental values was explained by Dushman on the basis 
of quantum mechanic* as applied to the crystal structure. They are: 

(0 In above discussion of thermionic emission we have taken 
the value of transmission coefficient equal to unity but according 
to quantum mechanics even an electron has got energy greater 
than the height of potential barrier; there is some probability of 
Reflection inside the metal, i.e. the transmission coefficient cannot 
be equal to one. Dushman on this basis modified the formula as 

/ s=/ 4(l-/?) Pe^*r 

=/4 r r%-*" !r , 

^here R is reflection coefficient. The value of R was determined 

experimentally and found to be £. 

(«) The variation in the value of work function from experi- 
mentally observed value is due to the fact that in the derivation of 
*he formula we have taken the Sommerfeld structure of the crystal 
^here it has been assumed that electron in crystal moves in a 
constant potential field. But actually the potential field inside the 
« r .ystal structure is periodic. This assumption accounts for the 
IScre pancy in the values of work function. 
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7 8. PRACTICAL EMITTERS : 

They are of the two types : 

(A) directly heated emitters, and 

(B) indirectly heated emitters. 

f , f We shal | first dis;uss the advantages and disadvantages of both 
the types as follows : 

Disadvantages of the directly heated emitters : When alter- 
nating current is used to heat tne emitter then the following defects 

arise l 0 

^ alternating current flows in the filament, then an 

fi ® ? Wl J , be P roduced around the filament which 
C em,ss,on of electrons depending upon the periodicity of 

plate current 11 ^ 6111 a ° d reSldts * n alternating component of 

* n 1 1 ; C d ' rect heating, the surface of filament is no more 
P The unequal distribution of potential also affects the 

»nd ti?., °-* C f ctron ® miss ion from different portions of the filament 

is produced 3 S ° * >r ° dU es a c ' com P°nent of plate current i.e. hum 

t0 ab ° VC tWO drawback *. directly heated emitters are not 
preferred m receiving sets. 

The advantages of i lirectly heated emitters : 

rnatl? e ™ ssion . e ffi°i enc y is obtained by the use of oxide- 

erniwinn ! CrS * omission efficiency is defined as the ratio of 

emission current to the power consumed in heating. 

rent < ! ue su PP'y frequency component of plate cur- 
rent, is very much reduced. y 

therefnrli ? e ^ aU i e beater element is insulated from the emitter, 
at different pSfenttaTs Ca ° be USed l ° heat different cathode5 
(A) Directly Heated Emitters : 

(i) Tungsten Emitters : For pure tungsten emitter, 

A— 60-2 x 10 4 amperes/sq. roeter/A'*, 

52400A. 


watt ar20cS? effiCienCy iS 200 mA ' /watt ai 240 )K and 4 2 mA/ 

comTwreH 6 w;tK° n *® c * enc y of pure tunsgten emitter is small as 
otherword* tiinr«' de * COated and thoriated tungsten emitter or in 

otherwords tungsten nas relatively high *ork function. 

that it can'hl n c^y anta j® e having cure tungsten as emitter is 
2600A and 2800A Faied &t & sufficientl y high temperature between 

prepared lTv*adH?« d r nn gsten : A thoriated tungsten filament is 

y mg a small amount of thorium oxide to the tung- 
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sten. The very thin layer of thorium oxide reduces the work 
, function of the tungsten filament. 

For the activated thoriated tungsten emitter, the value of A 
varies from 3.10* to 59.10* amperes/sq. meter/ K* depending upon 
the electric field between anode and cathode. Value of b varies 
between 30500 to 36500AT. 

This can be operated at about 1800° K. In order to reduce the 
rate of evaporation of thorium layer from the filament the emitter 

is carbonized . 


The practical emission efficiency is of the order of 100 milli- 
amperes/watt. 

(B) Indirectly Heated Oxide Coated Emitters : Oxide-coated 
emitters are about twenty times as efficient as tungsten. They 
provide a high emission current even at low temperatures. 

Such emitters are generally made by a coat ng of barrium or 
strontium oxide on a base or core material like pure nickel. 

lor oxide coated emitters the value of constant are 


v4=0'0I x 10' amp./square meter/K a , 
6 = 1,16,000 degree Kelvin, 
work function <f> = \ volt. 


The usual operating temperature is 1000 degree Kelvin. At 
higher temperatures than 1 COOK, the life of oxide coated cathode 
is considerably reduced. The emission efficiency is of the order of 
100 200 millian iperes per watt. 

7 9 COMPARATIVE STUDY : 

A comparative study of above emitters can be had from the 
following table : 



Types 

of 

Cathode 

Application 

A in 
amp./sq. 
cm./K* 

b 

in K 

Maximum 
steady anode 
potential 
(volts) 

Anode 

Dissi- 

pation 

(Watts) 

Oxide 

Radio-receiving 

OOlxlO 4 

116,000 

200 

300 


Coated small amplify- 
ing, transmitting 

tubes; small high 
vacuum rectifiers, 
gas filled recti- 
fiers. 


Thoriated 

tungsten 

Medium amplify-' 
ing and transmit- 
ting valves. 

3x10* 

30,500 

5,000 

1,000 

Pure 

tungsten 

Large transmit- 
ing valves; high 
vacuum rectifiers. 

60* 2x10* 

52,400 

20,000 

100,000 
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710. PHOTOELECTRIC EMISSION : 

The process in which the energy required to emit an electron 
from the metal is supplied by means of light is known as photo- 
electric emission. 

According to quantum theory, one quantum of light, called a 
‘photon’, has energy equal to /iv where h is Planck’s constant and 
v is frequency of light radiation. When a photon strikes the metal 

surface, then some portion of energy /jv is supplied to the electron 
to cross over the barrier. 

There are certain laws of photo-electric emission. For photo- 
electric emission, it is essential that the frequency of impinging 
light must exceed the threshold frequency* which depends upon 
the work function <£ of the surface or, in other words, 

/?v 

or v<— r- where v t is threshold frequency. 

ft 

The amount of photo-electric emission depends upon the inten- 
sity of light radiation falling on the surface. Alkali metals have low 

work functions and hence are used as common photo-tube emitters 
as discussed in chapter 5. 

7T1. SECONDARY EMISSION : 

Secondary emission takes place when high velocity electrons 

strike the metal surface. In this impact, they deliver sufficient 

energy to some of the electrons within the metal to enable them to 
cross over the barrier 

'Hie number of secondary electrons emitted per primary elec- 
tron is called secondary emission ratio. This depends upon the 
following factors : 

(0 material of the target, 

(/»’) energy of incident particle, 

(i/f) type of incident particle, and 

(/v) the angle at which the target is struck. 

. The secondary emission ratio increases with velocity of inci- 
flent electron and hence with the energy but it falls when kinetic 

energy is too large. 

Experimental study of secondary emission : 

, ^^ e . n a moving particle strikes a solid surface, it enables the 

ron m the so'id to escape tnrough the potential energy barrier 

ne surf ace. This process is known as secondary emission. The 

penmental arrangement for the study of secondary emission is 
shown in figure 6 io). 

i. ofpr , imar y electrons having energy E x electron volts 

r° m electr °n gun towards the target of the material to 
or secondary emissson. The secondary electrons emitted 
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Fig. 6. (a) Measurement of secondary electron emission. 

from the target are drawn to the collector by a voltage E . 
The secondary electrons produce a current / 2 . f is the the current 
due to the primary electrons. The secondary emission ratio is 
defined as 

1^2 No. of secondarv electrons 

/ j No. of primary electrons 

Thus the number of secondary electrons emitted per primary 
electron is defined as secondary emission ratio. This ratio depends 
Upon the target material, and its surface conditions and the type 
of primary particle, its energy, and the angle of incidence at the 
target. 


Using different metals, the experiment is repeated and a graph 
is drawn between emission ratio and energy of primary electrons 
fig- 6 (6). From the figure it is observed that for pure metallic 




Fig. 6 (b) Secondary emission ratio as a function of energy 

of the primary electrons for various surfaces. 
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surfaces, the value of secondary emission ratio is less than two. 
For alloys and composite surface it; is as high as 10. In this case 
the emitter with thin coating of cesium and cesium oxide on silver 
base has the highest value of secondary emission ratio. 

7 12. FIELD EMISSION : 

When the energy applied for electron emission is in the form 
of electrostatic energy, the process is known as field emission. 

The emission is explained due to two effects ; 

(1) Schottky Effect : It will be discussed in article 7* 13 that 
for low anode voltages and high temperatures, the current in a 
diode is space-charged limited, since at such voltages anode is not 
able to draw whole of the electrons emitted from cathode, but some 
of them return to the cathode and thus set up a negative gradient 
on it. If however, the voltage is increased, this negative gradient 
decreases and with suitable voltage value, the current becomes 
temperature limited as discussed in articles 7*3 and 7 - 4. But it is 
seen that even in the temperature limited region, current from a 
thermionic emitter never truly saturates and its value increases 
with anode potential. The effect is called Schottky effect. The reaso- 
;s uuite obvious. When the valve operates under temperature-limi- 
ted current condition, then space charge is not dense enough to 
make ihe electiic field zero at the cathode; but, on the other handp 
if anode potential is high, arising potential gradient would exis' at 
the ca'hode which tends to draw electrons from it (hence field 
emission!. Such a gradient alters the potential energy barrier at the 
surface. We shall, therefore, in order to account for Schottky effect, 
calculate the decrease in work function due to the alteration in 
potential barrier height (or energy). 

The force acting on an electron, when it is removed from 
metal surface by a distance large compared with the spacing of the 
atoms in the crystal lattice, can be calculated by assuming metal 
surface to be a conducting plane surface. The force, so accounted, 
very well explains the shape of the potential energy curve at the 
right of figure 1 (c) except in a region close to the metal boundary. 

Now the forces between an 


electron, charge ‘- e ’ and plane 
conducting surface (since metal 
surface is assumed to be so) can 
be computed by assuming an 
electric image +e at the same 
distance, but on other side of 
the metal surface as shown in 
figure 7. According to Coul- 
omb s law, the attractive force or 
inward force is 


! metal boon dam 



4 


p^~: 




Fig. 7. 
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where x is the distance from the surface to the electron. 
applies^ 6 ^ unct ‘ on * s P lotte< ^ over the range of x in 


In fig. 8 
which it 


&OUNDAK1 



Fig. 8. 

When an electric field £ is set up at the cathode surface (due 
to nigh anode potential), then force e£ tends to draw electrons 
away from metal surface and thus acts in opposite direction to in- 
ward force. Now at a critical distance x c , the two components of 
jorce equal each other and net force on the electron is zero. For 
larger distance, the force due to electric field predominates and the 
Electron is drawn away from the surface. Thus the electron escapes 
tti t e presence of electric field if it has sufficient kinetic-energy on 
ieavtng the metal to reach the point where x equals x e . Except at very 
small distance, the inward force is given by the theory of images, 


i.e.. 


F 


I6ne % x 2 ' 
At critical point x=>x 0 . 


% • 


or 



dV 


where f is the electric field intensity (equal to the applied pot 

cntial gradient, V being die potential due to electrostatic field at 
a point distant x from cathode). 

In fig. 8, curve 1 represents the potential energy barrier 
woicn exists in the absence of an external field, while curve 2 
nows the potential energy barrier modified by the presence of 
vernal field. It is obvious that the height of the potential barrier 
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is reduced which clearly means that less work is done due to the 
presence of an external field in removing an electron from the 
metal, i.e value of work function is reduced. 

We shall calculate the reduction in work done in two parts : 
First reduction in work done in taking an electron from inside the 
metal to the point x e . This can be calculated as follows : 

Over small distances x 0 from the cathode to the crest of the 
barrier (point x„), we can take f to be constant, i.e., force e( to be 
constant. The inward force is reduced by an amount e£ and hence 
the reduction in work, required to bring an electron from inside 
the metal to point x 0 , will be 


e{x c . 

Secondly, since at x„ electron is quite free to escape, the com- 
plete work done by the external field from point x„ to oo (escape) 
will be the net reduction in the work necessary to move an electron 
out from the critical point. The reduction for this case, in the 
work done is, therefore, 



The total reduction in the work done due to the presence of an 
external field, is obviously the total reduction in kinetic energy for 
the escape of an electron from the metal, i.e. 



Ea'=e£x e + 


e 2 

16 » rtoXg 


where E a is the heignt of potential barrier in the absence of an ex- 
ternal field and E a ' is the height in the j;presence of the field. 
Putting the value of x e in above expression, we get 


Ea—Ev'^e 




The kinetic energy of the electron, within the metal, is un- 
affected by the external field. Therefore, the Fermi energy £> which 
depends upon the kinetic energy of electrons remains unaffected 
and hence the decrease in the height of potential barrier should 
directly represent the decrease in the function (since the common 
reference level £> is unchanged) i e. 

decrease in work function —e A<f>—e. 

The expression shows that the decrease 'in work function is 
directly proportional to the square root of external electric field 
and, therefore, requires the attention to be paid while studying 
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thermionic emission under high electrostatic field conditions*. 
Now true work function e<j>' will be 


where e<f> is the work function in the absence of an external field. 

Richardson equation should, therefore, be modified in view of 
the Schottky effect. Rxhardson-Dushman equation for tempera- 
ture-limited current per unit area is 

Js=AT 2 e~ e +i kT 


Let ( J s )t be the saturation current density per unit area in the 
presence of the field, then 

(Js)f—A T 2 e~ c *! k T 



^AFe-'W . e 



Js e 


e 3l2 

2kT 




On substituting the numerical values of e, e 0 and k, the expres- 
sion takes the form 


Vs)/=Js.e 0 iWtlT , 

where T is temperature of cathode in degree Kelvin and ( is in 
volts per meter. If a be the area of cathode, then 

(is)f=/s.e o“VtiT' 

where (/$)/ and I s represents the currents corresponding to (70/ 
and J s current densities. 


Now to calculate the true saturation current, we can put the 

expression 

£< 3/2 

• Vtt/K'o) 



*For a diode having axial symmetry, if V is the anode potential, r a and 


r fc are the anode and cathode radii respectively, then field A Is given by the 
formula 4 


* 


V 

r k 




Suppose V=2d,000 volts, r a *=0'5 cm. and /y=0 001 cm., then 

£= -3-22x10® volts/cm. 

Corresponding to this value of £ the decrease in the work lunction d<f> 

oeccmet to n* 
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in the form 


Us)r=Is€ 



•V(£/ir* 0 ) 


or 


Jog’ (^57 = log« 



or 


2-3026. log M (/$)/= 2 3026. log 10 I s + 


or 


V( 




2kT ' 


V(£) 


which is of the form y=mx+c, representing a straight line. There- 

fore if a graph in logi 0 (l s ) f and \/f is plotted, a straight line wii: 
be obtained with slope of 


e 3 ' 8 1 

4'6052/c T v^( 77 ’ e o) 
and an intercept on the 
Jogio (As’/ axis of Iog 10 / s . 
Fiom the intercept value, 
Is, can be computed. 

The value of ( I s ) f 
depends upon the cathode 
temperature T as shown by 
the expression. 

(fs)f=IseP-*Wti T , 
but it was found experi- 
mentally that even at low 
temperatures, sufficient cur- 



rent can be drawn with high Fig. 9. 

field application which cannot be explained by Schottky effect. 

(2) Cold Cathode Effect : This effectaccounts for th e above 
experimental fact. Cold Cathode effect deals with the wave nature 
of electrons. Then some of the arriving electrons are reflected back, 
while others are liberated. 


In the absence of electric field, the barrier extends to infinity 
but when electric field is applied then height of potential barrier is 
reduced. At the time, the electrons having energy slightly less than 
potential barrier may penetrate it. This number increases with the 
increase of field without raising temperature. Thus this type of 
emission is almost independent of temperature. The relation of 
Schottky was modified as 


I,=A,?e bf, t, 

where //-^-density of field emission current, 

b /-*- constant of metal, 

A/-*- constant coefficient, 

€-*■ electric field intensity at cathode surface. 
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/ space chwgc 

UM/7ED 


The above relation is similar to Richardson equation for ther- 
mionic emission. 

7 13. SPACE CHARGE AND TEMPERATURE LIMITED 
CURRENTS : 

Consider a diode valve with 
plane parallel electrodes or cy- 
lindrical electrodes. Suppose the 
cathode temperature Ti is cons- 
tant ; then as shown in figure 
10, at first the plate current in- 
creases as the plate potential is 
increased from zero. But after 
a certain value of plate potential 
Vp x the plate current becomes 
constant. The diode then ope- 
rates at a saturated plate current 


temp limited 

t 



PLATE PQTEA/T14L 



hi or in other words all the Fig 10. Plate characteristic of a diode, 
electrons emitted trom the cathode are attracted by the plate. 

Now if cathode temperature is raised to the saturated 
current value also increases because of the fact that at higher tem- 
perature of cathode emission of electrons will be greater than at 
temperature l L and then there will be more electrons to reach the 
plate for saturated current. This saturation current is therefore the 
total cathode emission current given by the Richardson’s formula. 

When the plate potential is 
sufficiently high, electrons are 
attracted by the plate as rapidly 
as emitted from the cathode. The 
platn current is then limited by 
the electron emission of the 
cathode and so depends upon 
cathode temperature rather than 
u Pon the plate voltage as shown 
ip fig. 11. A high plate poten- 
tial V vli is applied but it can be 

seen from fig. i 1 that saturation 
current is different depending 
upon cathode temperature. 


t 



Fig. 11 


Volt-ampere characteris- 
tic of diode 

Thus this saturation current portion 

which depends upon cathode temperature is said to be 4 temperature 
limited \ 


At plate potential lower than the saturation plate potential, 
l' e - oy er the region OX of fig. 10, the plate current is less than the 
total emission current. The number of elections emitted by cathode 
,s the same but due to space charge effect, some of these electrons 
do not reach the anode and are returned to cathode. 

At low or moderate plate potentials, the electrons arc emitte 
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DlaS 1 Th^ 1 th? 6 at 3 • gfeater J* to than thg y are collected by the 

fhe colStl y S, ° n / ate depends upon Richardson’s law but 

T depends on the acceleration of electric field due 

negative chL^ t,a !K Coas ® £ l uent, y. electrons form a cloud of 
Thfc , harge near J he cathode called the space charge region. 

Dlateon g fhL Ve | SP » Ce charge » , wh, ? h reduces the attraction of positive 

5 dCI l Slty ?[ the , space charge are returned to the cathode instead 

the p at ®‘ At negative P late potential the density of 
space charge region js very much increased due to which all the 

electrons, emitted from cathode, are returned to the latter and tht 

density of space charge decreases due to which more and more 

e ectrons approach the plate until at the saturation plate potential 

a • ♦ j electrons are attracted by the plate as soon as they are 

emitted and hence a saturation current flows in the plate diode. 

1 nerefore OX portion of the curve is same at the same plate 

potential whatever be the temperature. It is supposed that the 

electrons that are emitted from the cathode have zero initial 
velocities. 


The density of the electrons and the potential at any point in 
the inter electrode space are related by the Poission's equation 


d l V___ p 

dx* ~ e 0 

where V is potential in volts, 
p is the magnitude of ihe 
electrode charge density, 
and e„ is permittivity of 
free space. 


At temperature T at which 
there is no emission, i.e. p= 0, 
then 


d'V 
dx * 



Integrating twice, we get 
V=ax-\-b, 

where a and b are arbitrary 

constants which are to be deter- 
mined by boundary conditions 
i.e . 


(/) when x=0, V=0 

( H ) when x—d, V=V P 

Applying these conditions, 
we have 




Fig. 12. Potential distribution 

curves of a parallel 
. plate electrode. 

(potential of cathode =0) 
(potential of the plate = V p ) 
(distance between 
cathode and plat e=d) 


b=0 and a 
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Substituting these values, we get 

V,>x 


V 


d 


which is the equation of a straight line. 

Therefore, the potential distribution is a linear function of the 
distance from cathode to the plate as shown in fig. 12. 

At higher temperature T, some electrons are emitted, l.e. p is 
not zero, but has a value equal to — p,. The negative sign is used 
because the charge density is due to negative charge space electrons. 
The potential distribution is represented by corresponding curve 

in fig. 12. When P is not zero j-^ = — 

dx 2 « 

measure of curvature. In this case 

d z V 


is positive which is also a 


0 


dx % 

Integrating twice, we get 

PiX 2 


Pi 


V 


2e 




o 


where and b x are arbitrary constants, 
are 

(/) when x=0, F— 0 

(li) when x — d, V— V v , 

Applying these conditions, we get 


The boundary conditions 


bi~0 and a t = 
Substituting values, we get 


V, 


V 


PiX 


+ 


Pyd 
2e 


) X = 


2( 0 \ d 

which is the equation of parabola. 


Pjd 

2«; 

F,x 
d 


— Id— x) 
2« 0 l '* 


dV 


A positive curvature means that the change in slope bet- 
ween two adjacent points must be positive and therefore all the 
curves must be concave upwards. Since anode-cathode potential 
is independent of cathode emission, all curves must pass through 
fixed end points. 

With increasing values of cathode temperature, the potential 
distribution curves are depressed more and more until a tempera- 
ture T' is reached at which slope of curve is zero at the cathode, 
. dV 

l -e. 0 at or in other words, the electric field on the elec- 
trons emitted fiom the cathode is just zero. This constitutes the 
limit of electrons attracting capacity of the plate at potential Vp v 

If temperature is increased further then slope of the curve 
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dx at cathode will be negative represented by a curve correspond- 

^ tem P era ture. This coedition exists momentarily, because 
dx 1S now negative which will exert a repeling force on all elec- 

Jhese 8 excess Hprtrrt emitted fr °T the Cathode with the result * hat 

tnese excess electrons re-enter the cathode and then 

(=Lr° 

turetnear nr rC «fp Ch t d w , hich | s B aIrao st stable stage for all tempera- 
tures near or greater than T . 

dV\ 

=0 is valid under the assumption of 
zero initial velocities of emission of electrons. 

7 14 1 ELECTRODES 111111 LAW FOR plane pakallel 


The condition f ~) 

\ dx 


The equation relating the anode current with anode voltage 
or plane parallel electrodes, under space charge limited condition, 
was first derived by Child in 1911. Later on, in 1913, the analysis 
was ex'ended to cylindrical electrodes by Langmuir. 

Derivation : Let us consider two plane parallel electrodes of 
diode. For this derivation we make certain assumptions : 

(7) The spacing between cathode and plate which are plane 
parallel plates is small such that the electrostatic field between 
them is uniform and normal to the electrostatic field between them 
is uniform and normal to the electrode surface. 

00 The surfaces of anode and cathode are equipotential. If 

we take cathode as the plane x=0, then there is no variation of 

potential in y and z directions and electron moves parallel to the 
axis of x. 


(HO Electrons have zero initial velocity after emission from 
cathode. 

(iv) The cathode provides an infinite supply of electrons. 

(v) When the current is space charge limited, the electric 
field at the cathode is zero. 

The distribution of potential is governed by Poisson’s equation 

cPV d 2 V d 2 V__ p* 
dx 1 +dy z + dz* ~~~ 

where p is the space charge density in coulombs per cubic metre 
and e 0 is permittivity of free space. 

As described earlier, the potential varies only in x-direction. 
Therefore, 


d 2 V d 2 v 
dy 2 ~~ dz l 
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Fig. 13. A plane parallel diode. 

Now we can write the Poisson’s equation as 

d*V p 


dx 2 


0 


We know the following facts : 


(a) The velocity v of an electron at any point of potential V 
is related by 

\mv 2 — eV, ---(l) 

where exchange cn electron^ l - 6 X 10~ w coulomb, 
w=mass of electron. 

V is plate-cathode potential difference. 


(b) The current density due to the flow of electrons may be 
calculated by the rate at which electrons move through unit area 
of cross section per second in the direction of electric field. Let 
®=velocity of electrons in metre per sec., 
e=charge on an electron in coulombs. 

W=electron density per cubic metre. 

Then the current density per ampere square metre is 
given by J=Nev ,..(2) 

We know that space charge is due to negatively charged 
electrons ; therefore ?= — Ne. 

Putting above value of space charge density, the Poisson’s 
equation becomes 

d 2 V 9 Ne 

dx- — — e 0 ~~ « 0 .. (3) 

From (2), we have Ne—J/v, 

d*y J_ 

dx 1 ~e 0 v .. ( 4 ) 

From (I), we see that 
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Putting in equation (4), we have 

d 2 V J 


dx 1 



m 
2eV 



For integration of eq. (5), we multiply each side by — , 

1 d IdV 


...(5) 


dx 


2 'dx\dx 

— ( dV 
dx (dx 





2 



m 

Ye 

m 

Ye 




1/2 


dV 
‘ dx * 



4 



2 ' ( n. 

d 


_,dx^' 

Integrating it we get 

(f)'= I 7\/(S)' /,, *+ c - 

v/here C t is constant of integration. 

But dV/dx=U when V —0 since both vanish at jc=0, 

Q-0. 

(d V/dxy 8 =4J/€ 0 . y/ (m/2e ) . F 1 /*, 

(d/Jd x )^2.{J/e oV ( mi 2e) m 
V- 1 ' i dV=2.{J/c 0 .y/(mJ2e)} l >* dx. 

Again integrating, 

f F' 3 / 4 s=2 {//€„. V(m/2<0}V*.x+C a . 

At x=0, F=0, therefore C a =0. 

{//«b V("i/2e)}W x. 

Squaring, we get 

F»'*=5 {//« 0 .vW 2e)}.*«. 

At anode, /.e. *=*«. 

K= P 

F 0 *' 2 =f {//«„• V'('”/2e} *„*. 

From (7), we find for current density, the expression 

/= 4«o/9 . V(2e/m) . V^/x^. ...f8) 

This is Child-Langtnuir equation for plane parallel electrodes. 

In order to obtain the total space current we multiply the 
above equation by the cross-section S of the electron stream, so 

/= SJ= SM 0 /9.y/(2e]m). VJ‘*JxS. ... (?) 

For a given electrode system, 

/ *e F„ 8 /*. 

The relation (9) is also called the three halves power law. 

The constant factor of equations (8) and (9) can be calculated 
since e 0 =8'85.10- 18 farad/metre, and e/m«= 866.10 11 coulombs/ 
kilogram. 


.-( 6 ) 


...( 7 ) 
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Equations (8) and (9) can be rewritten as 

Va w 


7 = 2 - 34 . 10- 8 


x„ 2 


and 


7 = 2 - 34.10 


Fa s,i 


..( 10 ) 


If V a is in volts, / will 
be in amperes. S and x 0 
should be measured in the 
same units. 

Distribution of Poten- 
tial and Space Charge 
Density : 

Dividing eq. (6) by (7), 
we have 

V/V a ={xlx a yi*. ...(12) 

d 2 V 

Also p=—f 0 — 


from (12) 



4 V 


-0---77T jr2/ * —03) 


0 2 0 4 O « 0 8 1 C74 

Fig. 14. Representation of potential and 

space charge distribution. 


From equations (12) and (13 we can plot the distribution of 
potential and space charge density as shown in figure 14. 

We see that potential distribution is almost linear except near 
cathode. Space charge density tends to infinity at cathode which 
is inaccordance with our assumption that cathode supplies an infi- 
nite number of electrons. 

714-2. CHILD LANGMUIR EQUATION FOR CYLINDRICAL 
ELECTRODES : 

The behaviour of cylindrical diode, i.e., consisting cylindrical 
cathode and anode, can be studied in the same way as the plane 
electrode diode, but for the analysis of this case, cylindrical coordi- 
nates should be used. The problem is somewhat complicated due 
to the effect of the electrode dimensions. 

Due to the symmetry of the electrode system, the problem 
will be one dimensional. The Poisson’s equation for this case 
reduces to 

1 d_( dV\__ P_ 

r dr \ r dr e 0 • ...(1) 

The same energy equation as for plane electrode case holds 

.. .( 2 ) 


I ° 

»|W • 


\mv"=eV . 
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Current density at any radial distance r is given by 

J (r)= Pv. ...(3) 

curf ent density varies with radial distance, it is more 

cnrr?nt "V° ^ css k the r s P ace charge density interms of total 
current per unit length of axis. That is 

y =2 nrJ(r) 

=2nrfv, ...(4) 

where / is the total current passing at right angles through an 
imaginary cylinder o» length / and radius r 




Fig. T . Cylindrical electrodes of diode. 

Putting these values of p from (4) in (1), we get 

l£(r dV \^ 1 1 

r dr \ dr 

-jm 

d 


) 2nrvl €q 


From (2) 


m 
dV 


dr\ dr ) 2 nej 



d*lf t_dV 
‘ dr 2 ^dr 



m 


..(5) 


2«o d\2eV 

(PV+ 1^ dV = //_w \ 
dr* r dr e 0 J { 2eV}’ 

Putting V=Ar*t*, the above equation can be solved to give 

W I ( 2e\ V*!* 

'mi r a 


9 



I=2rJ. 


where F a = anode potential 
r a — anode radius, 

4fo l(2e_\ VJi* 

9 J \ m ) r a ’ .-.( 6 ) 

We know from the analysis of the piane parallel electrodes 

4 '°y^)=2'335.10-. 
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/ 

/ 


2tc.2-335.10-® 


. Fa 3 '*. 


r„ •••(7) 

Equation (7) is approximate solution T*he prot’.m which 
holds within 10 percent for r 0 < 10 r k , where r> cathode radius. 
For an exact solution, we take the expression for the current 

l ' rp* ’ •••(8) 

where P* is a function of the ratio of the radius at any point to the 

cathode radius, i.e. — . At anode 

Substituting equation (8) in (5), we shall have 

*)'+wg r +P-l=0. ...( 9 ) 

The above equation can be simplified slightly by letting 
a= =log* (r/r*). With this change of variable, equation (9) will take 

the form 


\dr 


3 


1 = 0 . 


Ja ' r * " -(10) 

This may be solved by series method, the solution being 


« , 2a^.lla 3 

p-3a- fj 20 


47a 4 
33U0 


This expression is valid either for an internal or an external 

cathode. . , 

From equation (8), it is obvious that the expression for current 

in practical units becomes 

L _ 14-66 . 10~* V w __ am Deres/unit length of axis. ...(1 1) 


/ 





Fig. 16. Curve IP as a function (r/r*). 
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7, the value of p 8 differs from 1 


Values of p 8 have been calculated by Langmuir by means 
senes for p. In fig. 16, values of p 8 are plotted against r/rt. 

It is seen that for ratio — 

by less than 10 percent and thus for this case the equation (7) can 
be adopted . 

EXPERIMENT 

To determine the work function of the emitter (pure metal) of 
vacuum tube. 

Procedure : The work function of a pure emitter can be deter- 
mined by means of Richardson equation. Circuit arrangement is 
shown in fig. 17. 

(/) Measurement of resistance of the filament at room tempera- 
ture : Connect the filament of the valve (1G4 GT) in the unknown 
arm of Wheatstone bridge and complete the connections as shown 
in fig. 17a. Note down the room temperature. Determine the resis- 
tance of the filament ,for a particu- 
lar . value of current say 5 amp. 

Again decreasing the current in 
steps by rheostat R, determine the 
filament resistance for each current. 

Plot* a graph in filament resis- 
tance and filament current as 
shown in figure 18. From this 
graph resistance of the filament 
Bo at zero filament current is cal- 
culated. This is the value of 
filament resistance at room tem- 
perature Tr . The absolute tem- 
perature corresponding to R 0 will 
be given by 

r 0 =273-f-r*. 



io>) 



SOM. 4. 


Fig. 17. 


— I l J 

(a) Circuit diagram for the measurement of filament resistance, 

(b) Circuit diagram for measurement of woik function. 
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(//) Calibration of pot- 
entiometer wire : Make the 
electrical circuit as shown 
in fig. 17(6). Close K 3 (it 
and K x and place the Jockey 
on a length of 1018 cm. of the 
potentiometer wire. Adjust 
the rheostat such that there 
is no deflection in the galva- 
nometer G. In this way 
potential gradient is 10 -3 
volts per cm. 



1 2 3 4 t C_ 

Ci/f/?£A/r /V MSI 

Fig. 18. Calculation of filament 

resistance at zero filam- 
ent current. 

Yi 


(Hi) Determination of saturated 
current : Open K 3 (/) and close 
Ki (ii). Apply 160 to 1 0 volts to the 
plate of the valve. Adjust a low 
value of the filament current by 
means of circuit rheostat R. z . Obtain 
the condition of saturated plate 
current. Note down the filament 
current and saturated plate current. 

Note down the voltage across the 
filament by means of potentiometer 
i-e., obtain the balancing length 
and multiply it by potential gradient ~ l //v 0A -t 

Rene h ,t 8 T ‘u* , filament voltage. . Fig. 19 . G ; aph for determin . 

repeat the whole procedure for ing A and <£. 

different filament current to obtain the saturated plate current J s . 
For each value of filament current, obtain the filament resistance 
R ( — Vji ). The corresponding absolute temperature T is calcula- 
ted from the relation 

Now obtain the value of^and log s ^ 2 . Draw a graph between 

1 J 

and log a ~ t . The graph (fig. 19) is a straight line 




J. 


winch proves 


the validity of Richardson law. 

(iv) Calculation of work function : 

The value of work function can be obtained bv 
the graph (19;. 

1 he work function 

5040 


the slopt of 
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NUMERICAL EXAMPLES 

1. (/) Calculate the velocity of the emerging photo electrons 

when a light of wavelength 4000 A falls upon a surface of potassium 
with work function 2‘5 eV. 

(«) 


What is the threshold wavelength in the above case ? 

c 3x10® 

Frequency of radiation, v= 


(0 A=4000A 


c 

A 


where 


From Einstein’s equation 

hv—e 


“4000 X 10- 10 

7*5 X 10 14 c\s or Hz. 


Now 


h 

m 

v 

e 

Imv* 


v 


Planck’s constant=6*62x 10*** 4 joules, sec 
mass of the electron =9*1 lx 10“” kg. 
velocity of photo-electrons in mf sec. 
charge of electron = 1* 60 x 10 _J ® coulombs. 

hv—e 

6 62 x lO' 84 x 7*5 x 10 14 - 1 -60 x 10 - W X 2 5 
49-6xl0-"-4xl0-« 

(4-96-4) xl0- 1# 

2 (4-96— 4)xl0-« 2x0-96 



9*11 x 10 - * 1 
l-92\ 


9*11 


xl0»* 


11 




(«) 


fhe tnreshold frequency 

e <ft 
h 


v 0 


cfs. 


Threshold 


A 


ch 
e (ft 


meters 


3xl0 8 x6-62xl0- 54 12-4xl0- 7 

1-60x10- 19 x2-5 _ 2-5 

12-4xl0- 7 


ietre 


A 


4 960 A 


long and 


— 2'5 X 10 -10 

2. A cylindrical oxide-coated emitter is 2’ 5 cm -- 
O' 1 cm in radius - The emission constant A 0 =0’01 xlOrtanpf 
and (ft 0 fk—11960K. Find the current at temperature 1000 K. 

According to Richardson’s equation, the emission eurren 

density is given by 

J=A 0 T 2 exp. (—fa/kT) 

Here ^„=0'01 x 10< amp./m*A*, (f>Jk ■■ 
and T= 1 000 AT 

/=(0‘01 X 10 4 ) (1000)* exp. (- 
= 10® exp. (—11-96) amp /m* 

Taking log of both sides, we have 

log /= 8 log 10—11-95 log e 
= 8— 11*96 x (0-4343) 


= 1 1960AT 
11960/1000) 


( v log e 


0 - 4343 ) 
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= 8— 5’ 1942 = 2' 8058 

i .\ /= Antilog 28058 = 639 - 5 amp/m* 

Surface area of emitter 

2nrl=2 x 3- 14 x (0- 1 cm) x (2-5 cm) 

= 1-57 cm 2 =l'57 x 10~ 4 m 8 
f=currect density Jx Surface area 
= (639-5 amp/m 8 ) x (l 1 57 x 10~ 4 m s ) 

=0 1004 amp. = 100 4 milliampere 

3. The thermionic emission density from an emitter is 

' 0 29x10* amp/m* at temperature of 2 500K. The work function for 

the emitter is 4' 52 eV. Calculate the emission constant A 0 for the 
emitter. Given e/k — l 1600. 

According to Richardson’s equation 

J=A V T* exp. (- <f>JkT ) 

Here 7--=0-29x 10 4 amp/m 8 , </> -=4-52 eK=4'52x 16x 10 -1 * joule, 
r=2500K and fc = e/l 1 600= 1 6 x 10- )8 /l 1600 joule/Al 

Substituting these values, we get 

0‘29x 10 4 amp/m 2 =/*n (2500A1) 8 exp (— 4‘52x 11< 00/2500) 

W 0 =g^ exp. (20-97) amp /m'-K- 

Taking log of both sides 

log <4 0 = log 0-29 — log 625+20-97 log e 
=T-4624-2-7959 + 20-97x (0 4343) 

= - 0-5.376 — 2-7959 + 9 1073 
= 5-7738 

/i 0 = Antilog 5-7738 

= 59-40 x 10 4 amp/m 2 /f 2 . 

4. There are two thermionic emitters identical in dimensions 
‘ and operate at the same temperature of 2400 degree Kelvin. Emission 

constant A is the same for both. One emitter is tungsten while the 
otlvr has a work function 06 times that of the first. Find the ratio of 
their emission currents. Assume suitable values of emission constant 
b for tungsten emitter. 

For tungsten, 

/ Sl =AT 2 , 

For the other emitter, 

I St =/47’ 8 e"°' 8 * /r 

since b is proportional to work function. 

Hence, 

For tungsten 6=52400 degree Kelvin. 
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Hence 


5 . 


log. r 3 

i Sl 

... 

*s 1 


0-4 x 52400 
2400 

6194 . 


8-733 


emission l ? emi,ter operates at 2400 degree Kelvin. If the 

Chanve in Zll s ***»* to be reduced by 25%, what should the 
tiange in work f huction be expressed in electron volts. 

tant * et ;/ 5l D^vk e j em, ? s * on cur rent density corresponding to cons- 
densitv (>nrr« C ^ ar j- SOn s ec l uat i on » and /$ , the emission current 

aensity corresponding to constant b a , then 

I Sl =AT*e~ bl,T 
AT 2 e~ b ^ T 

J St e~ bjJT -btlT^ -b a T 


and 


Is 


or 


I 


St 


bJT 


Xe 


(bt-bJ/T 


..( 1 ) 




Is 


According to the problem 

, =0'75 I Sl , 

-- T -0-75 or 

Is% J St 

From equations (1) and (2), 

(bt-bJ/T 1 


1 

0 7 7 5 


...( 2 ) 


0-75 


1-33. 


or 


log, (1-33). 


• ••( 3 ) 


(bt - bt) 

, ^ n ? w ^ at the constant b is related to the work function 

by the relation 

E a —Et 


b 


k 


b 


If <f> is the voltage equivalent of work function, then 

Ea — Ef e<f> j „ , . 

= — ^ — =£- degree Kelvin. 

where e= charge on an electron in coulombs, 

^ = B°ltzmann constant (Joules/degree Kelvin), 
0= voltage equivalent of Work function of metal. 
Substituting these values, we have 

b—\\,605<f> degrees Kelvin, 

J /. ^ = 11605^ 

and _ ^2=11605^. 

From equations (3) and (4), 

11605 (fa - fa) 


or 


T 


T 


C^2— A)=fi6hs lo S J, 33 


log, 1-33 
2400 _ , . 

iieos * 2 ' 3 log " 133 

= 0 059 electron volt. 
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b. At what temperature will a pure tungsten filament gives an 
emission one fiftieth as much as that from a thoriated tungsten fila- 
ment of same dimensions if their temperatures are the same ? The 
value of constant A is 60 and 3 amperes cm. 2 per degree K 2 respec- 
tively , and value of b is 52,000 and 31,000 deg. K. respectively. 

For tungsten filament /$, = AT 2 e~ bl i T =60T 2 e~ t2m,T 

For thoriated tungsten I Sl = AT 2 r 6, ' r =3P e“ 31t0 ° rr m 

I St 37- e -3iuon/r 

•• = t>07 2 e- b2W0 ‘ T 

_.i- g5iooo/r. e -3iooo/r 

= .l- gHOOOlT^ 

Is 

According to the given problem — —50. 

J S i 

.'. 50== * e 2mn ‘ T , 

1000— e 2l000/r 


or 

21000 

7 

= log a 1000=2-303 log i0 H00 

or 

21000 

• 

= 6-909 

y 

or 

A 

T-- 

21000 

“6-909 


- 

= 3043°K. 


7. Under space-charge limitea condition, the plate current of 
diode valve is 100 milliamperes for a plate voltage of 80 volts. Find 
the plate current for plate voltage of 150 and 200 volts under the 
space-charge limited condition. 

Under space charge limited condition, 


I P =KVft-, 

100=/: (80) 3 / 2 . 

When K a =150 volts, then 

l Vl =K (I50fl 2 . 

Dividing equation (2) by equation (1) 


100 


150 \ 3 ' 2 
80 


n 


100 


1 5 V' 2 
8 


100x2 58 

258 milliamperes. 



For F„=200 volts. 

l rt =K ( 200 ) 3 / 2 . 

For equations (3) and ( 1), we have 

100 ~\ 80 / ’ 


...(3) 
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/j^IOO^—J =100x3-95 

—395 milliamperes. 

12 cm a J] % V n a ^, Ut f m P^ ate is a circular cylinder of length 

the tungsten filament nt 7*' A * the ax l S the c y lindrical P lane b 
12 cm 8 IonvalThn J i • tern Perature of 2400 degree Kelvin and it is 
z cw ; l °ng and has a diameter of 0 04 cm. Find. 

( i ) saturation current , 

current eauaUn n^th* *° P ro ‘* uce a s P ac * charge limited 

current equal to one third oj the saturation current. 

Given that p for ratio of plate to cathode diameter of 50 is 109 

Js^AT* e-HT 

= 60*2x 10 4 x(2400) 2 xe -824000/:!4 °° 

=1096 amperes/sq. metre. 

Cathode surface =2nr k -l 

=2n x 0 02 x 10—x 12 x 10— square metre 

=0’48tt 10~ 4 square metres. 

Therefore emission current 

= 1096 x 0‘48 tc x 10 -4 amperes 

=0*1652 ampere. 

The space-charge limited current required is 

=i X 1652 amperes. 

=0*055 ampere. 

-14-68.iO-.J-. 

= 12 cm., (52=1-09, since r ° 


J< 


But 




/ 


1*0 


Putting the values. 


r* “0 02 


50. 




-* 11 

10 

1*09x0*055 
14*68. 10-M2 


0*U55«s 14*68. 10** 8 




Va 3 '* 

1*09 * 

: 0*309. 10* 


=309, 

Vo =45* 7 volts. 

9. In a high vacuum diode, the oxide coated thermionic emitter 
operates at 1000 degree Kelvin. The values of constant A and B in 
Richardson equation are : A=0 0l x 10* amps./sq. metre / deg. K* 
and b=1200 deg. K. Calculate the emission current density. If the 
emitter is in the form of a hollow cylinder of length 5 cm. and exter- 
nal diameter 0‘2 cm., find the total emission current. If the anode 
voltage is 360 volts and the distance between anode and cathode is 
O’ 4 cm., find (i) the percentage increase in emission current consider- 
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in? the Schottky effect due to the electric field of anode , and (//) the 
value of emission current considering the Sehottky effect. 

According to Richardson equation 

J.^AT* e"W 

=0 01 x 10* x (1000)* exp. (- 12 UU/ 1000 ) 



p./sq. m. 



ing surface = (5 x 10 -2 ) n (0'2 x 10" 



'=ttX 10 -4 sq. m. 

.*. Total emission current in absence of electric field 

/,=630x7tX 10 _4 = 1 97*8 mA. 

360 volt 

Electric field strength at anode=~ u ~ 4 x jq., - 

=9x 10 4 volts/m. 


Let I be the emission current considering the Sehottky 
caused by the electric field of the anode voltage, then 

0-44 Vtl T 


effect 


or 


log 


ljI,=K—e 

„ 0-44-y/S , 

io K— — j . — l°£io e 

0'44 x V 9 x 10’) 


10U0 


• • 


*=1-41. 


( i ) The percentage increase in /, 


z-303 


rj !*! 

i * . « 


V 1 


0*0573 


1 


x 100 




Emission current 

/= 1978 x 1 *41 


225 7jmA. 


EXERCISES AND PROBLEMS 


1. What do you mean by electron emission ? Give the difFetent categories 
of the electron emission. 

2. What do you understand by bound and free electrons in the crystal 
lattice ? 

3. What is work function ? 

Two thermionic emitters identical in dimensions operate at the same 
temperature of 2400 degree Kelvin. Emission constant A is the same 
for both. One is tungsten while the other has a work function constants 
0-6 times that of the first. Find the ratio of their emission currents. 
Assume value of b for tungsten as 52400 deg. K. 

4. Give thermodynamical derivation of the Richardson equation. What 

are the drawbacks of the derivation ? 

5. Give the mathematical derivation of the Richardson equation by Fermi- 
Dirac Statistics. 
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7 . 

8 . 


10 


11 


12 


13 . 


14 


15 . 


16 . 


17 . 


indirecthTheat^*^* 11 * typSS ofemitters ? Give the advantages oi 
indirectly heated cm -tiers over directly heated emitters 

t do you mean by space-charge and temperature limited currents ? 

derive *th(T emia ^ * UDdCr spacc ‘ char ? c limited condition 

1 ' the equation relating the anode current with anode voltage 

D?“u^i.?^',w ' q " a,ion for spa “ char *' " mi, ' d '“'rent. 

discuss Its applications to vacuum tubes. 

. SCfl ^ e a ° cx P er,m ent to determine the work function of the emitter 
(pure metal) of a vacuum tube. 

3 tungs,en filaments is observed to increase its emission 
ica y y amounts upto 5%. What change in value of work 
function is required to explain this change ? 

A flash of light from Ae ultraviolet line of mercury at 2537A, lasting 
«„rf^ C °K s ' nkes a so <iium surface of 15 cm*, in photo lube. The 

r o < i it! aS 3 W °! k function of 19V, aud the light has a power density 

^ j . ' cm * If half the photons cause the emission of an electron, 
nnd the current during the flash. 

Two diodes each have an anode 4 millimeters, in diameter and 2centi- 
e ers ong, ut one of them has a filament 0*1 millimetre in diameter, 

while the other has an indirectly heated cathode 1 5 millimeters in 

* mpare * pacc currents flowing in each when anode 
potential ,s 25 volts. (Neglect edge effects). 

Find the tatio of emission currents for following emitters : 

(a) Tungsten emitter; emitting surface=2 sq. cm. ; A=6 0 2xt0 4 

metre/de « ree Kt J £=52400 deg. K and temperature 
1 =z6U(X) deg. K. 

( b > Thor, a ted timgsten emitting surface=3 sq. cm.; A^ixlO* 

amperes/sq. metre/deg. K*. b= 30000 degree K. Temperature 
T= 1800 degree k. 

acuum diode has 0 8 ir.ch diameter tungsten filament of 3 inches 
Sl Th , e *«®P« at u« oY the filament is adjusted to 2400 deg.ee K. 

I . th 8 ypica values of constants in Richardson’s equation, calcu- 

i a ‘ e . e “ 1,ss,oa current . Space charge limited current is 100 mA. with 

of soffa'nd ftoo ° ! ° vo,ts the Plate current with plate voltage 

?J°°, i u*° J erreuw are .emperalure 

Zve ihrL ’r,“- £dar 8' He values of correal for ,he 

2450 degree K° ° V ° tdgeS ^ temperature of filament is raised to 

meuls 3re thC d,fferent ways by which electrons can be ejected (rom 

Mark the correct answers : 

(a) The Richardson’s equation is 


(0 


«s)r= ls e^VZIT 


A,?e 


V bfli 


Electron Emission 
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(b) 


(*) 


(d) 


(Hi) 


Js=AT*e (iv)hj=tQ t +lmv\ 

Field emission current density equaiion and Richardson’s equation 
lor thermionic current density are : 

(0 Similar, (u) Not similar. 

The Schottky effect is applicable lo 

™ e ™ionic emi8sion . (») Secondary emission, 

(iff) Photoelectric emission, (/V) Field emission. 

/ ? P , C ^‘ DS temperature of oxid e coated emitter in degree Kelv.n is 

(0 1000, (//) 1800, (Hi), 2000, tiv) 2400. 

[Ans. (a) (iii). (h\ (h. (cl (ivi (d\ fin 


b/T 


4 






RECTIFIERS AND POWER SUPPLY 


Alternating voltage is preferred for transmission and distri- 
bution means because of small losses and convenience. But for 
certain purposes, direct voltages are more useful. For such appli- 
cations, we have to convert alternating voltage into direct voltage 
which is generally done by means of simple and efficient device 
named as electronic rectifier. Some other types of rectifiers may 
also be used. 

By definition, rectifier is a device which converts alternating 
voltage or current into direct voltage or current due to a certain 
type of non-linearity of its characteristic. 

We shall discuss some of the following two classes of recti- 
fiers : 

Case I. Vacuum tube and semi-conductor diode Rectifiers . 

Half wave vacuum tube and semi-conductor diode recti 


(A) 

(B) 


^ 0 r s 

Full wave vacuum tube and semi-conductor diode recti 
fiers. 


Case II. Gas Diode Rectifiers : 

(A) Hot cathode gas diode rectifier, 

(Bi Cold cathode gas diode rectifier. 

81. VACUUM TUBE AND SEMI-CONDUCTOR DIODE 


RECTIFIERS ; 

A half wave rectifier conducts during one h ^*f cycle ^ , q 
applied voltage while in full wave rectifier, the re 
operation for the full wave of the applied a.c. vo tage. 

8 1-1. HALF WAVE RECTIFIER (Vacuum diode) : 

A basic circuit of half wave rectifier is shown in gure 
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known relating the plate current and the applied vollage, 
linear tlC CurvCj 1S drawn thcn il * s found to be non- 

d tL° de resistance j r « is measured as the reciprocal of the 
constant 15 CUrve and ’ therefore, diode resistance is not 

if ' V1 j cn we i n sert some load resistance R in the circuit and then 
“ plot * curve m applied voltage and plate current it is found 
„ . more hnear than the previous case. The curve is known as 

rii™» a « m ]«\u UrVe >’ SirK ? e slo P’ dynamic curve is less than static 
and the relation in applied voltage and current, in this case, 

depends upon the linear 

load resistance, the dynamic 

curve is mere straight than 
static curve. 

The basic principle of 
rectifiction is as follows : 

During the positive 
half cycle of a. c. i.e. y when 
Plate is positive with a 
respect to cathode, the tube 
conducts. Electrons flow 
from cathode to plate and 

consequently the conven- 
tional current i b flow 3 in 
the load. The voltage 
across the load is i b .R where 
is load resistance. During 
the negative half cycle of 

a,c - i.e. when plate 
negative with respect 
cathode, the electrons 
a nd hence the current 

across the load is _ * iUC Vimagc 

developed across the load is either positive or zero with respect to 

. £ J ena. Thus the out-put voltage is a undirectional or pulsat- 
es d.c. voltage. 

Let /& = instantaneous value of diode current 
/ m =maximurn amplitude of the output current 
ra — internal resistance of diode 
/f = load resistance 

average value of the current recorded by d.c. meter 
placed in series with load R. 

R.M.S. value of the current recorded by a.c. meter 
placed in series with load R . 

e = E m sin a>r = input voltage. ...(1) 

Assuming the static curve to be linear, we can write 

Bj 

i b = — sin o ot=I m sin wt, 0 < wi ^ 



is 
to 

are not 
i b is zero, 
also zero. In 


Fig. 1 (b) The static and dynamic 
characteristic of a rectifier. 

attracted towards the plate 
The voltage developed 
this way the voltage 


d • C 


If 


m-s 


and 


r a-\- R 
it~0, 


v 


^ OJI < 2- 


-( 2 ) 
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where 




£ 


m 


r*+R' 


D. C. Value of Current : The function of a rectifier is to 
produce direct current. The average value of a,c. is expressed by 
that steady current which transfers, across any circuit the same 
charge as is transferred by that a.c. In symmetrical a.c. (two half 
cycles are exactly similar), the average value over a complete cycle 
is zero. The average value is obtained by adding or integrating 
the instantaneous values of the current over half cycles. In unsym- 
metrical a.c., the average value is taken over the whole cycle. The 
average value of d.c. component is given by 

In 


I 


d't 



j I m sin Oit </(a>r)+ j 0.</(w/)J 



COS Oit 


l 


tn 


n 


where 7 m 


E 




rt+R’ 


C • 


/ 


d»e 


Em 


"(rj+R)' 


...( 3 ) 


R.M.S. Value of Current : 

IU-V* i> 


2 it 


m 


0 

in 




F * 



2ir (r d +R) 

£m 2 

2 n(r d +Rf) 9 


f m a sin 54 oit d(uit) 

E m * sin* cot Jf . , 1 
(r a +R) z ^ ) + 2 n 


sin* wt d(oit ) 


L si 


( 1 — cos 2 (ot) 



F * 

J ~'nt 


2w( r <«+ 7?) 



a it 
2 


2 

sin 2a >t 




E* 


2k 




E. * 


m 


4 (r tf +£) 


2 


£ 


m 


2 (/*+£)' 

Thus 7 r . m . t . > /<i. e . 

The maximum voltage across the load 

Em ~ Em 


% • 


(4) 


E„ 




/«•/?- 


R 


r*-\- R" “ (l-j-/vr//?) 
The d.c. voltage across the load is given by 


...( 5 ) 
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£*i A* ~ ^d*c* 


E 


m 



n(\+r d IR) .••(&) 

Frequency Components of Rectified Output : Fourier analysis 
of voltage pulses of a half wave rectifier gives the following fre- 
quency components : 

„ n 1 . 2 „ 2 . „ 

e—E m — + — sin cut— r- cos 2(4.?— yv— cos 4a;t— ... i (1 . 

n ' 2 3 ti 1 5rr | • ••(.') 

The first term on right hand side of above relations (7) gives 

rf. e . while the remaining terms are a.c. harmonics. 

Efficiency of Rectifier : Efficiency of rectification is stated as 

Direct power output (Pg . <■■) 

^'“Alternating input power ( P a . e .) 

EJ R 


x 1 00% 


Pd ’ e ‘~ Id c*-R-< <rd i t Ryi' „2 • 

The input a.c. power is supplied by the transformer. 

The power supplied to the circuit from a.c, source 

1 C 2rr 

Pa - c ' = 2^ Jo eJb ' d ^ “ 

= 1_ ( i b ( r d + R).i b d(ojt), since e=i b (r„+R) 

2it Jo 

1 f 2 * 

=k (rd+/?) Jo 

Since P r . m . s .=]^ j 4 2 d(u>t), 

Pa*c* = ( r d~\~R) I 2 r-m*s* 


...(B) 


(fd + -K). 


m 


2 (r„ + /?)J 


F 3 

t-'tn 


4(r d +RY 


...(9) 


• • 


r(r . J E m *l( r<i +RYxRhr* 
Efficiency ij= Em ^ {r i + R)^ Am/o 


4 Ry. 100 
n 2 (R+r d ) 


40-6 


1 + 


r A 

R 


-V 
. /<>• 


..( 10 ) 


Ripple Factor : Ripple factor y is defined as 

r m s value of a.c. component of wave 

v— 


...( 11 ) 


average or d.c. value of wave 

R.m.s. value and d c. value may be of voltage or current, i e. 

I' r.m.s* ^ r-m-s. 

y— - F 

Jd-o* ^d*c» 

where and E' r m ..j denote the r.m.s. value of a.c. compo- 

nents only. 

The instantaneous a.c. component of the current is given by 


/ ' == i " Id*o* 


...( 12 ) 
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Hand 


above, 

A-.. 


where i 


integrals 


Ml 

■m 


(i 



2il d <,.+/*„ 


d(o>t)=l * a . 9 


2iz 



29 

0 

2n 


/* d(uit)=P r . 




Therefore V r 




f 2i I d . e . d(ut)=2P d . e . 


.... = V(/ 2 r — 2/*,.«. + 

XT =V / V/*r.m.,.-/ 2 J. e .)- 

Now we can write for the ripple factor as 


**€ 


(13) 


J — / 2 dc. | 

J{( 


But as calculated before, / r . OT .,. 


I, 


..-(14) 




/ 



d • o 
2 


2 
/m 
n 


1 


-v/{(l*57) 2 — 1} 


= 1-21 

Since y > 1, it shows that : 

R.m.s. value of a.c. component of wave is greater than d.c. 
value of wave or in other words the ripple potential r.m.s. value 
exceeds the d.c. potential of the output which shows that without 
niter, half wave rectifier is poor device for the conversion of a.c. 
voltage into d.c. voltage. 

Peak Inverse Voltage : 

Th e peal; inverse voltage ( P.I.V .) is defined as the maximum 

V< v.- 3 i? C a PP eari ”S acr oss the rectifier diode during the period in 
which the diode is not conducting. In case of half wave rectifier, 
the diode is not conducting for the negative half cycle of the 
applied voltage and hence the voltage across the tube is the same 

as the applied voltage. In this case the peak inverse voltage is the 
maximum value of e, i.e. E m . 

P.I.V. =E m . 

Sometimes for comparing various rectifier circuits a ratio cf 

t0 ,[- e av f ra £ e output voltage is specified. For half wave 
rectuaer, this ratio is r 
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transformer' 011 The ^„ reCtifi , Cd “ a PP |ied to «« input of a power 
lable for rectification "go t ( f ev ^ °P ed across the secondary is avai- 

desired voltage into the rect^er^For™^ If '° P, rovide tbe 

4 U S. «..,o « rSr. S ra V n °sKr!l 

Let e, be the input voltage to the rectifier, which is given by 

— E m sin cot ...(1) 

is given 6 by Frent * ^ di ° de 0r through the load resistance J? £ 

i==Tm sin for 0 < at < n ...(2) 

and /-0 for n ^ cot < 2 n. 

The peak current 7 m is givin by 

E m __ 

».(3) 


I. 


U r, Ef-\-R L 

where /?/=dynamic resistance of diode. 

nal flowing through load resistance Rl is unidirectio- 

nal and its average value I d . e . is given by 


T 1 f 2 * 

7 *- S]."** „. ( 4, 

s no current is flowmg during the intervel n to 2rc, hence 

/t*e=l I m sin U>t d(tot)=— ... 

rr,. JO 7T ."{•>) 


The value of I de can also be expressed as 

E m 


I, 


I, 


m 


EJiRf+Ri) ...( 6 ] 


.,:n i° Utput vo * tage : The dc output voltage appearing acros 


Bt. will be 


E ae =I de R,= 7 ^ 


« *{1 +(R,/R l )} ...0 

KMS current and voltage : The rms value of current is given 

M2M0 ^o] 1/a 

= [^L 7 - sin * tot d{*>t) i i/2 =^ 

E m 

...( 

and E rmj — / rrru r = E m 

Rectifier « • 2{1 +{RfiR L )} -C 

ratio of d c outnnt nCy ~ T ^ e rect ‘fier efBciency is defined as tt 
auo or d.c. output power P de to the a.c. input power P in . Hen. 
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power del ivered to the load 


P 


<1 C 


ac input power from transformer secondary P ac 
the load “hence 1 ’ 0 * 61 ’ ° UtPUt ^ P ° Wer P ** deveIo P ed across 

I m 2 R L 


P. 


W R l 


7 7 


Power taken from a.c. source is used in two parts i.e. 
power dissipated at the junction of the diode and (ii) power dissi- 
pated in load resistance. 

(i) power dissipated at junction of diode=/ rm , a R f 

(ii) power dissipated at load resistance— I 2 rm , r l 


• • 


Pac = P 


rmj 


(R,+R L )^y (R,+R l ) 


Now 


I 2 m RJ 


R 


P m (R f +RL)l 4 


or 


Percentage rectifier efficiency 


4 

0-406 

1 +(/?// Rl) 

40-6 


...(H) 

...( 12 ) 


1 +{R//Rl) 

Theoretically the maximum value of rectifier efficiency of a 
half wave rectifier is 40 - 6 percent when R f /R t = 0 . 

Ripple factor. Ripple factor 7 is defined as 

ripple voltage __ rms value of ac comp onent 


d.c. value of wave 

F‘ 

^ rms 


dc value of wave 


'da 




The ripple factor may also be defined in terms of ripple current 
and dc current as follows : 


#y 1 rms 

lie 

The current in half wave rectifier is given by 

: f m \ . 2/ m a . 21 

1 — +^r- sin OJt—- — COS 2 ( 0 1 

7 T Z 37T 


15 =cos4o,,+... 


or 


1 — fio + j’r 

where / ie ^^and i r = {? sin wt 

n 2 


21 


21. 




m cos 2(ot — cos 4 cot 


Let I rms be the value of current /, the total half wave rectified 
output current Similarly, let l\ m , be the rms value of ripple 
crurent i r consisting of alternating components. Now F 

hm 2 — /do 2 + 1' T mi 2 
* r /'rn M = (/r m 3 2 -/do 2 ) 1/2 

i i ■ 1 t 


...( 13 ) 
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This expression shows that the perentage of ac in the output 
is 121% of the dc voltage. Thus half wave rectifier is not very 
successful in converting ac into dc. 

Regulation : By regulation we mean the variation of dc out-? 
put voltage with change in dc load current. The percentage of 
regulation defined as 

Percentage regulation=^^ 10041 E ,uU load 


xlOO 


Efull load — ...(14) 

For an ideal power supply, the percentage of regulation should 
be zero i.e., the output voltage should be independent of load 
current. 

For half wave rectifier, we have 

E m Ri, E n S , Rf 


Eac 


r\Rf+R L ) 

E ~- hoR, 



1 


Rf+Rh 


* ...( 15 ) 

This equation suggests that a half wave rectifier functions as if 
it were a constant voltage source E(=E m /x) in series with internal 
resistance R f . Thus E d0 is equal to E m ln with no load (/*<>= 0) anc * 
d.c. output voltage decreases linearly with the increase of d.c. out- 
put current J dc - 

8 1-3. FULL WAVE RECTIFIER (Vacuum diode): 

Fig. 3 (a) shows the circuit diagram cf a full wave rectifier using 
vacuum diodes. There are two diodes and a transformer with centre 
tapped secondary. The two cathodes are joined together to form the 
positive of the d.c. output voltage across the load /?. The negative 


AX 

VOLIACt 





l 


Fig. 3 (a) Circuit for full wave rectifier. 

Is connected to the centre tap of the secondary windings. 


Since 


the a c. inputs of T 2 and T> are 180° apart, the tubes T t and T 2 


dnCt on alternate half cycles. The magnitude of e 2 is same as that 

ofe.. The total current through the load resistance will ec i ua I 

to the sum of the individual currents of the tubes, i.e., 

h-i bl +% 1 


( 
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i 


E m sin cut 


and 


bi r d + R 

— I m sin c at 

i. =0 

i. = 0 , 

b i 


^■for 0 < (*,■ < 


« 

J 


l 


b 


E,n sin cjt 
f'd + R 

Im sin <j>t 


for tz 


cat 



2n 


The waveforms of input voltage and currents are shown in 
fig. 36. 



t /r t bT t 4, 


Fig. ?b. Waveforms in full wave rectification. 

The general expression for current i b can be written as 

i b =l m sin c ot, 

E m 


wnere I m is maximum current 


r d -\-R 


and E m represents the peak 


value of ei or e 2 . 

D. C. or average value of current : As the form of current in 
both valves is same, we write 


1 


2 rr 


• b 


Z. 7 I J 0 j v "2 

, , . 1 f s * Em sin 

2k i 0 ir. + R) d ^-2~X Tr.TRT d{M) 


1 | ”E m sin (ot 


rii 


2r. ( r d +R ) 

E m 

it (r d -\-R) 
Em 


(COS (Ot) 


E„ 


m 




2-x(rd-\-R) 
Em 


0 2r*(r d -f 
[- 1 - 1 ] 

2 E m 



COS tot 


2 rr 


v'jd + R) n(r d -\-/<) 7i(r d +R) 
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_2 . , 
— since / 

7T 

R.M.S. value of current : 


E, 


m 


(/<*+ B) • 


I, 


{ 


E m sin (ot\ a 


r 8 

b 


E. 2 


r d -\-R 


) 



1/2 


E m sin wt 




m 


(r d +Ry 


E, 2 


m 


2rr 0* + i?)2 


no 


cos 2tot 


2 


J v 

) d M) 


)•« ]} 
-*ir 


2 V1 — cos 2 ot 


E, 2 


tn 


7, 


2 * ( r d +/?) 2 [2 

1_ E m - > J/2 
2 (r d +/?) 

where 7 m 


/ 


+ n -— 


+o+; '-J)+oH 


2 

1/2 


m 


£ 


V2 


f?1 


''d + R* 


Average voltage across the load • 

^ r 9 




2/ m 


TT 


.R 


ft * -f- /? 


E m n 2 


.R 


E. 


m 


7T 


Rectifier Efficiency : 


( ,+ s) 


■^•0* 

> 

7* a*c« 


x 100%. 


P d . e .=Rl* 


•e R ( 




m 


r.,+7? 


\ 8 2 2 
7 ‘ 


(r a +2!,= [__^ JV.+J!) 

J7 2 
J-'m 


== 2 (/■«,+*)■ 

1 T » 
nMr^y^ 
E m 2 /2 (R+r d ) x 1 
8 /? 


’•* (r<,+R) 
81-2 , 

( 


. 1 00% 



i/a 


...( 1 ) 


..( 2 ) 


-'..( 3 ) 
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Ripple Factor : The purpose of the rectifier is to produce 
steady output voltage and current from the sinusoidal voltage 
source but this is not perfectly achieved. In other words the ouiput 
lack smoothness of the waveform which is referred to as a rinple. 
The ripple voltage or current is measured by the ripple factor'. 

Ripple factor y 

effective value o f alternating component of voltage or current 

direct value of voltage or current 


Rectifier current = 


fr-m-S'- 

= V(^ 2 d-c* + / 2 a-c-)> 


-I 2 d'C' “f" / 2 a-e- 

/ 2 a.c.= 

~~ J r • m • 3 • l^d-C' 

I a-c* — 

= V( I2 T'm'S'-I 2 d' C - 


_ l(I 2 r'n,S'-J 2 d-c 


‘d'C 



/V 


m-s 


/Vo 


1 


But 


Jr- 


in »• 


IJV 2 rr 




d’C 


2/m/rr 

{( 1 - 11)2 

0-48. 


- 1 ) 


Peak Inverse Voltage : 


The peak inverse voltage across T, can be calculated by 
assuming that 7\ is not conducting while T 2 is conducting to its 
maximum. Under this condition the centre tap is positive with 
respect to the cathode of valve 7\ and both ei and e t are passing 
through their maximum values. If we neglect the drop across the 
conducting diode, then the voltage developed across the load R will 
be E m with upper end positive of the load with respect to centre 
tap. In a similar way, E m will be developed with centre tap posi- 
tive with respect to upper end of the load due to e x . Thus P.I.V. 
across the non-conducting diode T x is equal to the sum of two vol- 
tages, i.e. Em “h 2£fn* 

P.I.V. for full wave wave rectifier = 2 E m . 


8-1-4. FULL-WAVE RECTIFIER (Semiconductor diode) 

Fig (4a) shows the basic circuit of a full wave rectifier. With 
the help of a centre tapped tiansformer, two equal and opposite 
voltages £j and E 2 are obtained. During one half cycle, the diode 
D x conducts and diode D 2 remains non conducting. A current /, 
flows through the load resistor Rl ■ During the other half cycle, 
the diode Z)„ conducts while diode D ] remains non-conducting. 
Now a current z 2 flows through load resistor R L The waveforms 
of E x and E 2 and currents q and L are shown in fig. (4i>). 
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(b) Waveforms of applied a.c. voltages 
and output currents. 

Fig. 4. Full wave rectifier. 

The total current flowing through R L is given b> 

i—h +* 2 

where ii=I m sin a>t for 0 ^ tur ^ 7- 

*1=0 for n cot <; 2n 
j E m 

m Rf+R L 

Similarly, i 2 =0 for 0 ^ to/ < n 
and *'a = /m sin u*t for n < at ^ 2k. 
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DC Output Current— Since the current is of the same form in 
the two halves of a.c. cycle 

/ dc = M i d(utt)=— f I m sin wt d{uit) 

JO ^ Jo 

2 Im 


= ~ -( 2 ) 

D.C. Output Voltage— Following a similar discussion to that 
used for half wave rectifier, the dc output voltage across load is 

given by 

F —T R — 

E i0 -l i0 RL- n ...(3) 

Thus E dc is twice that in a half wave rectifier. 


RMS Current — /, 


rms 


sin 2 cot dicot)]' 


or 


Ir 


m 


ms 


i w 


...(4) 


Rectifier Efficiency -We know that rectifier efficiency i? is 
given by 

P*c 


P 


ae 


Here P 


ac 


he 2 Rl 


47 * 


m 


77 


Rl 


and P nc — l 2 rm i {R/ + Rl) 


/*« 


(Rt + RL) 


t) 


4/ 2 m 7?t/~ 2 


8 /? 


Pm (Rf+RiM 2 n 2 (^/ + Rz.) 

0 812 


1 + (/?,//?!.) • 


81-2 


Percentage efficiency ^ 

Thus the full wave rectifier efficiency is twice that of half 


wave rectifier 


Ir 


* ir ms 

Ripple Factor— As j-- = 


/m.V2 

2 Wn 


Ml 


r 


y[('sr) 


1 


V'[(Ml) 2 -l]=0-48 


Regulation — Edc 


21 m R l 2 zr m 7?t 


tu , r l ] 

- 1 R,+ Rl\ 


71 

2E 


2 E m 


77 


— ho Rf 
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8-2. COMPARISON OF HALF AND FULL WAVE 
RECTIFIERS : 

(0 The ripple in full wave rectifier is small in comparison to 
half wave rectifier. Due to high ripple in half wave rectifier, an 
expensive smoothing filter system is required. 

00 Efficiency of full wave rectifier is twice that of half wave 
rectifier. 

(iii) The output of half wave rectifier is low. Transfer effi- 
ciency is also low. 

(/v) Since in half wave rectifier current flows through the 
secondary in the same direction, it saturates the core of 
transformer which increases the hysteresis loss and produces har- 
monics in the secondary output. 

TABLE 


2. Average or d.c. current 



3. R.MS current 


4. Ripple factor 


8-3. GAS DIODE RECTIFIERS (Hot Cathode). 

Gas diodes are also used in half wave and full wave rectifier 
circuits. 


8'3-l. HALF WAVE GAS DIODE RECTIFIERS : 

In fig. 5, the circuit of half wave rectifiers with a load resis- 
tance is shown. The tube conducts during one half cycle of input 
voltage. 



Fig. 5. Circuit of half wave rectifier using the gas diode. 
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Volt-ampere characteristic of 
a gas diode is given in figure 6. It 
is clear from the characteristic that 
for the conduction of the tube, the 
applied potential must exceed the 
ionisation potential E 0 . Thus the 
potential drop appears across the 
tubes. Because of this potential 
drop, the tube conducts for less than 
half cycle as shown in Figure 7. The 
tube conducts at angle which 
ceases at a 2 . 

Analysis : Applying Kirchhoff’s 

law to the plate circuit, we have 
e 0 =R.i b =E m sin cot — E 0 


£ 


a 



ope&who 

PQ/NT 


Fig. 6 


VOLTAGE 

Actual characteristic 
of a gas <jioe° 




E m sin c ot—E, 


R ’ ...ID 

where E 0 is voltage drop across tube 
during conduction. 

Direct plate current will be 
obtained if we take average value 
of the instantaneous current given 
by 

. _1 (<* t E m sin cot— E( 

* d’0‘ — V 



R 


0 



Since applied plate potential 
is much greater than E 0 , we can 
take and (w— a*) very nearly to zero. Thus 


Fig. 7. Voltage and current 

phase of a gas diode 
half wave rectifier. 


In. 


d‘C 



Em sin u)t—E 
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d (c ot) 


E m sin cot d(uit) 


E 0 d{a>t) 


m 


2 R nR 

Therefore the output d.c. power 


2 E m 


- (2) 


Pi.c=I 1 2 dc • R 



1 


n 


..(3) 


2 Em 

The input power to the plate circuit can be calculated by, the 
expression 

F a . e .=^-[ e.i b .d(wt ) 

Zti) o 

1 t" c- • . E m sinwf — E 0 . 

= T \ E m sin cot.- 0 d{cot) 

Jo R 



v E m 2 sin 2 tot 


R 


- d(cot) 


1_ 

2tc 


o 


Eq E m sin tot 

— .a{u)t) 
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..(4) 


Therefore the efficiency of rectification is given by 

EJ / , Ti E 0 y 


P 

P 


d-e 


' x 1 00% 


O-C* 


Rn* 
E 2 
4 R 


1 


71 

2 


E 


1 


E 


xioo% 


77 


4 


1 


7 T E, 

2E 



1 


4 E 


x 100% 


...(5) 


71 f * -r^ ^0 

7C £m 

which may be reduced to an expression. 

7) = 40' 6 (1 — 1 *87 EJE m )% 

Thus efficiency does not involve R or i b in its expression which 
means it is independent of load resistance and load current. 

8 3-2. FULL WAVE GAS DIODE RECTIFIER : 

The circuit of a full wave rectifier using gas double diode is 
shown in fig. 8. The tube plates P 1 and P 2 conduct during both 
half cycles of input voltage because the inputs of two plates are 

180° apart. 


A C. 

MPtfT 

VOLjA^E 



Fig. 8. Circuit of full wave rectifier using gas doubled diode. 

Tt is 

In figure 9 the output voltage waveforms are also shown, 
apparent that each plate conducts for less than half cycle. 

Analysis. We shall calculate the efficiency of a rectifier, given 

7^x100%. 

Pa.c- and P a -e ■ have been calculated in half wave rectifi er 
analysis. In this case these values will be slightly different. 


/ 


o»c 


2 .-L \ 9 sin d M) 

2.7T J 0 R 


Em 
' vR 


1 


\ . 

2 E,J ’ 
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Fig. 9. Waveforms of output vcliage ar,d output current with input voltage 


• Pd-c — R.Id. c-~ 


E °) 

= n*RY 2 Ej' 

P a . c .=2. 2 1 -j" e.i b d(wt ) 


... 12 ) 


1 [ 5 „ . F m sin cot — E 0 ,, .v 

2. 2^- \ s,n wL # ui 


F 2 / 


4 E 0 


2R V * 71 E m 

4_ Eml I , 

77 2 ’ i? I 2 Em) 


..s3) 




2 R 


x 1 00% 


77 Em : 
77 PoV 

2 £j 


7C 54 / ! 4 £o 

\ r. E. 


X 100% 


= 81 ‘ 2 ( 1_1 ' 87 ^)° /o ...(4) 

If we compare the efficiency of full wave vacuum tube rectifier 
with above, then we observe that both are same. 

8-4. COMPARISON OF VACUUM AND GAS DIODE 
RECTIFIERS AND USES : 

The vacuum tube rectifiers are used for low voltage, low power 
requirements, while gas diode rectifiers are used for high power 
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. . ■■ ^ i 1 n # case, generally hot oathod 

vapour rectifiers are used. 


iercury 


In comparison with high vacuum tube rectifier, the hot cathode 
mercury vapour rectifier (/) requires low filament power, (ii ) has 
small anode to cathode voltage drop, (iii) is cheaper in cost. 


But for all these advantages it is essential that anode potential 

must be greater than or equal to 1000 volts and the current requi- 
red be large. 


The main disadvantage of hot cathode mercury vapour rectifier 
•s that it has a tendency towards arc back and produces r.f. tran- 
sients as the tube ionises. Due to all these defects and since 

momentary overload causes damage to cathode is not used in 
home receivers. 


8-5. FULL WAVE BRIDGE RECTIFIER CIRCUIT : 


In previous articles half wave and full wave rectifier circuits have 
been discussed. A number of another rectifier circuit arrangements 
are also possible. An important rectifier circuit arrangement is a 
bridge rectifier in which diodes are arranged in the form of the four 
resistances in the wheatstone bridge as shown in figure (10). This 
circuit finds two important uses : (i) as power rectifier, and (ii) 


as a rectifying system in rectifier 
type a.c. meters. When this arran- 
gement is used for power amplifi- 
cation, the rectifying elements are 
usually thermionic diode either of 
vacuum type or gas type. When 
it is used in a-c meters, the rectify- 
ing elements are metal rectifiers 
(either copper oxide type or sele- 
nium type). We know that in a 
P- N junction semiconductor diode, 
no heating power is required, and 



Fig. 10. Bridge rectifier circuit. 


therefore the use of bridge rectifier 
with semiconductor diodes has increased considerably after the dis- 
covery of silicon diodes. 


Operation : Let for the positive half cycle of the applied a.c. 
voltage, the point A is positive and C is negative. In this case the 
current flows through diode D lt load resistance Rl and diode D% in 
the direction of thick arrow shown in the-figure. The circuit is 
completed. The current through R L flows in such a way that the 
point B is positive and E is negative. During this period, the 
diodes D a and Z> 4 are reversed biased and do not conduct the 
current. For the other half cycle, let the point C becomes positive 
and A negative. Now the current flows through diode D 4 , load 
resistance R L and the diode D z . Agam the circuit is completed. In 
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this case also the current flows through Ri so that point B is 
positive and E is negative as shown by dotted arrow. 


Thus the current flows through the load in the same direction 
for both halves of the applied a.c. voltage. Thus the rectified cureent 
waveform is the same as that of a full wave rectifier. The diodes 
conduct simultaneously and in series. 


Advantages : (i) No centre tap is required in the transformer 

secondary. 

(//) Tne peak inverse voltage across each tube is half as much 
as for the centre tap connection for the same I d . 0 . or E d >c- 


(//) For a given power output, power transformer of a small 
size can be used as the current in both the primary and secondary 
of the plate supply transformer flows for the entire cycle. 

Disadvantages : (/) As compared to a full wave rectifier, 

twice the number of rectifying diodes are required. 


(ii) The two diodes are in series while in conduction and 
hence there is greater voltage drop, poor rectification efficiency 

and poor voltage regulation. 


Use : The bridge rectifier is used in 

The circuit arrangement is shown in 
figure (11). The rectifier elements are 
selenium or copper oxide rectifiers with 
a sensitive d. c. ammeter as a load. 


This circuit can be used -for the measure- 
ment of a.c. as well as d.c. voltages and 
currents. The d.c. ammeter reads ave- 
rage value of currents. This may be 
calibrated to give r.m.s. values of app- 
lied sinusoidal voltages. When the app- 
lied voltage waveform differs from 
sinusoidal waveform, the values given 
out by this instrument is incorrect. 


rectifier type voltmeter. 



Fig. 11. Bridge rectifier 

type voltmeter. 


8 6. METAL RECTIFIERS OR BARRIER LAYER 
RECTIFIERS : 


The metal rectifiers utilise the unidirectional conduction property 
of the barrier layer between a good conductor and semiconductor . 

They differ from vacuum or gas filled diodes ’ “ J^ey d ° 
thermionic emitters. As they do not require fi'a^ent heating, they 
are most suitabfe for bridge rect.fier circuits. Two types of such 


rectifiers are in common use : 

( f ) Copper oxide rectifier, and (//) Selenium rectifier. 

(1) Copper oxide rectifier : The copper oxide rectifier has a 
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disc of copper with one face coated 
with cuprous oiide (Cu s O). The pure 
cuprous oxide is an insulator. When 
there is a slight excess of oxygen atoms, 
it loses its nonconducting property and 
becomes a semiconductor. This situa- 
tion can be regarded as the missing of 
few copper atoms from the structure. 
If at any point in the structure, a 
copper atom is missing then there 

is an electron missing or there is a 
positive hole. Thus the conductivity 
of semiconducting Cu^O is considered 

to be due to positive holes and 
it is said a p-type semiconductor. 
The oxide is heat treated in such a 



Fig. 12. Various layers of 
copper oxide rectifier. 
(1) Metallic plate, (2) p- type 
semiconductor, (3; PureCu,0 
( Insulator >, (4) Conductor 

(Copper plate). 


way as to give an excess of oxygen and a thin or barrier layer of 
Cu a O at the surface of copper disc. The various layers of copper 
oxide rectifier are shown in fig (12). Thus a copper oxide rectifier 
can be regarded as consisting of a thin layer of pure CiigO sand- 
witched between copper and a layer of semiconducting Cu^O with 
a top metallic plate. The top metallic plate acts merely as a 

contact , yS 

Figure (13) shows the diffusion of electrons and holes; across 

miu er l ayerm layers are formed, on one side, there 

will be mobile holes denoted by positive (+) sign in the semicon- 
ductor. At the same time there will be corresponding centre of 
negative charges denoted by negative © sign in fig. (13 a) as the 


i* 

f' 

* 

(«> (b) 

Before diffusion After diffusion 

ig. 13. 

material as a whloe is electrically neutral. On other side of barrier 
layer, the r e are mobile electrons denoted by negative ( — ) sign and 
fixed positively charged atoms denoted bv © sign. Now mobile 
holes from the semiconductor and electrons from the metal tend to 
diffuse across the barrier layer. In this way there will be concen- ^ 
tration of negative charge on semiconductor side and positive 
charge on metal side as shown in fig. (13 b). Thus a potential 
barrier is set up which opposes the diffusion. After sometime the 
equilibrium condition is reached when no further diffusion takes 
place. This develops an electric field across the barrier which is 
shown by a battery with dotted lines in fig. (13 b). 
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/ The principle of rectification is shown in figure (14). 
onsidering figure (14 a), let during positive half cycle, A is posi 



Electro* 
flow 



(b) 

(a) 

Current flows No current flows 

Fig. 14. Principle of rectification. 

tive with respect to B. Now the holes of the semiconductor and 
electrons of metal are repelled towards barrier where they combine 
with each other. Immediately, an electron is given back to metal 
by a c source and another electron is absorbed from the semi- 
conductor so that at every point in the circuit a neutral charge is 

maintained. Thus a conventional current flows from semiconductor 

to metal inside the rectifier. As shown in fig. ( 14 ft) for the negative 
half cycle, the holes are attracted towards ^ while electrons are 
attracted towards B Now no combination of holes and electrons 
takes place and hence no current flows in the circuit. 

senium rectifier : In a selenium rectifier, a layer of 
selenium is formed on a steel plate which is the back plate. 
Selenium is normally a semiconductor but an msulatmg surface or 
barrier layer can be formed upon it. The surface is then sprayed 
with a metallic alloy to form the front surface. The cro* » section 
of a selenium rectifier is shown in figure (15 c). When selenium is 


6ocfr 
Plate 

Selenium 
Insulations 

wo&or. 


Sorrier 
layer 



Front 

Plate 







Cross section of selenium 
rectifier. 


(« 


Current voltage 
of selenium rectifier. 


Fig. 15. 


positive with respect to the, front plate, mentor a low voragc arop, 
a large conduction current takes place. On the other hand, for a 
large voltage drop, a little conduction current takes place when 
selenium is negative with respect to front plate. This is analogus 
with a high vacuum diode, the semiconductor acts as anode while 
front plate as cathode. Fig. (15 6) shows the current voltage 
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kknow^ a? fo^ s fS e 5- ,lm . rectifie f- The direction of current now 
Se in £?SS )| VCry Sn ? aU CUrrent flows - The threshold 

vdiue in selenium rectifier is at about 0'5 v. 

8 7 ‘ - 4 MULTI PHase RECTIFIER CIRCUITS : 

is reauh-ed Ph Thp<iI eC * tlf ' e ^ C ' rC ^’ ts are U5ed when large d.c. power 
system (according ^ ,rcuits ■ ut, hze standard three phase distribution 

Phase rectal ,h^, d “ S ,hree pl ) ase !><>»«>• In c£e of a multi- 
phase reel ifier T ut PM* ynhage is smoother than that of a single 

pnase rectifier. The effic em-v oio^ 


Phase rectifier - tT.T*'* V m “S c .» s mootner than that ot a single 
pnase rectifier. The efficiency is also higher than a single phase 

irge output powers, tubes having mercury pool 


rectifier Fr>r i lo oiwmgncr inari a single j 

cathodes are used ge output powers, tubes having mercury pool 

nset , r *■ 

£# wo - Si > "" 

F HREE PHASE, HALF WAVE SYSTEM : 

ficatiolf circuit The l !Ii trate ? the P rinci P ,e of a three phase, recti- 
wave connected traJ^^ IS SUp P 1 ‘ e< ^ through a three phase, delta 
vacuum diode- 1<!P ° rme i' , The re °tifying unit consists of either 
connected toVaheV tk' or J8?«<>ns etc. having all cathorto 

® • The d.c. load is connected to the common 


Def to primary 



Rectified voltage 



% 

feet if ied vo/foge 



(a) Circuit connections 

2H 


f 


I 



, w 

(A/ea/rof) 


jm 


tot 


tot 

tot 


(&) Applied voltage wave 


(c) Anode currents for resistive 

load 


ratting • ^I 8 ’ ***' Thrce Phase, Half wave rectifier. 

The transformer*! t0 the neutral of the transformer secondary. 

neutral conn-itm pro YJ dln S the common connection, called th 

n. Each leg of the secondary wave provides on 


/ , 
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phase. The voltages are given with respect to neutral connection. 
For sinusoidal input, the voltages applied to the anodes are sinu- 
soidal, equal in magnitude but shifted from each other in phase 
by 120° as shown in fig (16 b). The anode voltages are e 19 , e i0 and 
e* and each voltage is equal to the primary voltage multiplied by 
the transformer ratio. Each tube conducts for one third of a cycle 
and at any given instant, although more than one anode is positive 
with respect to the neutral but the anode having the highest positive 
supply voltage conducts. The arc transforms from one anode to 
the next anode when their voltages become equal. The anode 
currents for resistance load are shown in fig. (16 c). 

As the waveform of load voltage or current repeats itself every 

third of a cycle, the average value of the load voltage is given 
by 




1 fSw/6 


(2rc/3) J 


ir/6 


E m sin w;.d(u)t) 


because e l0 is positive relative to e 20 and e 30 when ir[ 6 

< ( ut <. 5;t/6. 


3 Em 

2 rr 

3 Em 
2 TT 


- 3 #-[o- 

2 rt 1_ 


] 677/S 

5 n 

COS — -f COS 
O 

866 + 0-866 



= 0-827 E m 

The average current in the resistive load is 

0-827 E m 


Ivl'C' 


Rl 


• t 


Average tube current 


. 0-827 '_E m 
Rl 


Since the current I a . c . is supplied by the three tubes. 

=0-276 EJRl 


-( 1 ) 


..( 2 ) 


Here E m is the amplitude of each phase Voltage. 

In order to compute the ripple factor, we first calculate the 
i\m.s. current 
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Solving it, we have 


If 


m a* 


0-838 


Em 

El 


..(3) 


The ripplt factor is given by 


V{( 



1-1 }x. ( 

] l/2 

X 100% 


17% 


••(4) 


8 * 7 - 2 . 


WAVE SYSTEM 


As compared to a single phase operation, three phase opera- 
tion provides better conditions of rectification. Still better 
conditions can be obtained by using a number of phases. The three 
phase power can be converted into 6 ot 12 phase power by means 
of transformers. The circuit and the operation of six phase half 
wave rectifier differ very little from the three phase half wave 
rectifier. The circuit arrangement is shown in figure (17 a). The 
circuit consists of six phases which are arranged in a symmetrical 
manner and each phase supplying one tube. 


3 Phase supply 




Load 

WWW J 


(a) Circuit arrangement of six phase*Half wave rectifier. 



7tme(ust) 


(6) Voltage waveform of a six phase rectifier. 

Fig. 17. Delta, six phase, star rectifier circuit. 

Since there are six phases each tube conducts for only one- 
sixth of the cycle as shown in fig. (17 b). The fundamental ripple 
frequency component is six times the supply frequency which results 
more smooth load voltage waveform as compared to three phase 
system. The analysis of this rectifier is as follow : 


E 


E< 


m 


d»o* 


(2n/6) 



E m sin wt d(iot) 
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COS 0)t 


1 wit 


J«r/6 


£ -COS «r/2 + COS n /6 | — 


3 E m 


57 


0 + 0'866 


=0*82 E m 

The other quantities as /,. m-.- and r can be calculated in 
a similar way as in case of 3 phase half wave rectifier system. The 
only difference is that here the valve conducts for 1/6 th of a cycle 
while in three phase system each valve conducts for 1/3 rd ot tne 

eye 1 e , 

8 7-3. THREE PHASE-FULL WAVE SYSTEM : 

The circuit diagram of a three phase-full wave system is shown 
in figure (18a). In this rectifier two tubes always conduct as in case 
of a r nsle phase bridge rectifier and hence this is sometimes 


f'nmory 




M 



(a) Three phase-Full wave rectifier circuit. 



(6) Output voltage waveform. 

Fig. 18. Three phase— Full wave system. 

known as three phase bridge rectifier. During positive halves of 
the phase voltages, the tubes V 4 , K and V . conduct and produce 
positive output voltage with respect to neutral. During negative 
halves of the phase voltages, the tubes V lt V t and V r conduct and 
produce negative output voltage with respect to neutral. The two 
outputs are added in series and the average value of the output 
voltage is twice that of either taken alone. Fig. (18 b ) shows the 

waveforms of voltages. 

It is seen from fig. (18&) that when line to line voltage is 
at its maximum positive value, the current flows through V i9 the 
load and valve K. After half cycle, is at its maximum negative 
value and the current flows through V t the load and valve V u In 
this way different pairs of tubes conduct during the positive and 
negative half of the line to line voltage The direction of current 
through *he load in every case Is From A to B. Similarly, different 
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other pairs of tubes conduct for line voltages e 9i and e a , . If the 

eaual t°£ arC COnS, - dered negli ^ ible ’ ^e load Voftage is alwfys 

equal to the most positive voltage. 3 

8 8. CONTROLLED RECTIFIERS 

con °i tC " ir \ many industrial control devices, it is required to 

fn l r™ mg r}u° Wa ?i : (l) by P rovidin g taping on the input trans- 
intheom h f r - cctl 5 er ’ an u d <") by inserting a controlling resistor 
,?! circu,t - , Th f first method is not desirable when high 
merhS xi ^ in volved moreover this is not an economical 

efficient A. most efficient and inexpensive method of controlling 

exci^mf« Ut « Ur M nt °[ a re ctifier is by using thyratrons, ignitrons, 

Snn 1 tI C ° d ? ath ° c f S as tnodes instead of diodes for rectifica- 
tion. I he current in the load can be controlled by controlling the 

conduction angle at our will. This is not possible in case of diodes, 

however the conduction angle can be controlled without much 

expense of energy in thyratrons or ignitrons. There is no wear and 

tear of mechanical parts (hence long life) in thyratrons or ignitrons. 

8 9. THYRATRON CONTROLLED RECTIFIER 

In a tuyratron controlled rectifier circuit, the load is fed 
rough an ax. source in series with a thyratron as shown in 
figure (19). To analyse the action 
of a thyratron in a controlled 
circuit, the first step is to study 
the firing characteristics of the 
thyratron i.e. a curve showing the 
critical grid voltage for different 
values of anode voltage. The left 

side of figure (20a) shows the fir ing Fig. 19. Thyratron rectifier circuit, 
characteristic of a negative controlled thyratron. For different 
values of anode voltage, this curve gives the minimum grid voltage 
for conduction to take place. The setond step is to find the critical 

grid voltage from this firing characteristic for different points on 

{he a.c. cycle of the plate voltage. The third step is to plot this 
critical grid voltage as a function of time as shown in fig. (21a) for 
negative and in fig. (216) for a positive control thyratron tubes. 

At the instant t l9 the anode voltage is e bl and the correspond- 
ing critical grid voltage as obtained from the characteristic is e c \ \ 
thus e cl is taken just below r,. Similarly, at instant / 2 , the anode 
voltage is e &2 and the corresponding critical grid voltage as obtained 
from characteristic is e e2 ; therefore e o2 is taken just below t 2 . In 
this way several points are noted. The curve joining these points 
is called as critical grid voltage curve. This curve signifies as a 
function of time the grid voltage that will just allow the tube to 
fire if the anode voltage follows the curve e s . Figure (21) chows 
ths potential and current wave shapes of a thyratron for various 
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Fig. 20. (u) Critical grid voltage curve for a uegative control 'fayratron. 



Fig. 20. ( b ) Critical grid voltage curve for a positive control thyratron. 

values of grid bias. When e c is more negative than the critical 
grid voltage, the tube does not fire at all as shown in fig (21 a)* 
If the grid bias is reduced towards zero, then at a particular time, 
the grid bias is equal to the critical value and the tube starts 
conducting as shown in fig. (21 b). This passes a current until the 
plate voltage falls to zero. The plate current is represented by a 
quarter sinusoids As the bias voltage is further reduced [fig. 21c], 



c e blow critical grid 
voltage. 


£ 0 =critical grid 
voltage. 


bias voltage is further 
reduced. 


Fie. 21. Wave shapes illustrating the d .c control of thyrat 




the tubes fires earlier in the cycle and plate current increases. The 
conduction is shown by a point P\. Now the grid loses control 
and regains control only when the arc is extinguished. Correspond- 
ing to point P ly the conduction angle is 6 X . When conduction starts, 
plate voltage e & drops from C\ to E$ y where E 0 is the constant 
voltage drop of the tube. The current rises from zero suddenly 
and varies according to the variation of applied voltage. At angle 
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fc creases. S£g T" ,0 £ "’ the — - 

place. S negative half cycle, no conduction takes 

based on I tafolfo w i"n s nm pSn '? “ rec,ifler ! The analysis is 

<l> at an aD8le 6 ' '“responding 10 grid bias 

(U) and ,a e 8 maTns 0 oric,^ e af,er flri ”« ftlls •“ » 1™ ™lue E. 

( ill ) Tube T« 2 a I ly Cons,am «»> »1>* lube conducts. 

En The e *f 'V” when the a,c * applied voltage falls to 
A). The extinction angle is then (n~ 6 ) 

If the tiL h drop P after V th?ro !? ^ pIate circuit *l>e e,*=E m sin cut. 

current in t^lateUwS w n * dUct,on has .*** un >' s & then the 
tion of the cycle is sistance R L during the conduction por- 

; , sin cot — E n 

Rf < tot < n-0 2 

angle 6 afVhich^^^^ ^, is the P|“" 

rSanX 8 - is A a" er “ zerotS 

current wnich will be read on a d.c. ammeter is given by 

- I I 7T — d. i . _ 


(f'fl* 



4 </ (<ot) 


2tt 


K ( E m sin wt—E 0 ) 





d (cut) 


sm tut 


COS cut 


[ cos 0,+cos 0 2 




(n—0. 


2 l tR l I - ' a p 

where 0 2 is defined by the relation that when *• 

0 fTf E °- ; Em S ' n 0t==E ° or sin 02 = n ° /£,m 

If the ratio EJE m is very small, then EJE m and 0 _ 

taken zero, and equation ( 1 ) reduces to 

Em (1 -f COS dj) 


0»=tt >t, 

E 0 /E 


ay 


• ( 1 ) 

be 




d’C 


2r.R L 


.. (3) 

It is clear from this expression that I d . e . can be controlled by 
2?' n %* n ' ' 0 * angle ^- fr ° m ° t0 *■ and tha t d-c. cu neat is maxi- 
?au be writ^n af r °' 8 *° E ^. Now equation (3; 
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<>• 


(/d-d.) 


max 


1+OOS 6 l 
2 


•(4) 
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We see from equations (3) and (4) that can be varied I by 

IS Se d C .Vid potcSS eLeds P thc critical grid voltage. For 
the large positive grid voltage, the conduction may take place over 
sdmoXmplete hflf cyde. For zero grid voltage conduction 
takes place over a large portion of the haif cycle and hence <j «• 
ha, a C value, if the’ grid voltage is ntade more ' 
duction does not take place at all and l t . t . is then zero. 

Average value of anode voltage is given by 

1 C 2 * 


Ea. 


d'd 


2tt 


e b d (cot ) 


o 


E, n sin cot d (tof)+ j g E 0 d(cot ) 


4- 


f 2 tt 


where 


e b 


= £ m sin cot 

— sin wf 
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0 
8 . 


cot 

U)t 


E m sin u>t 

*1 

7T — 0* 




ft — ^ ^ ^ 


2tt 


[ - £ m COS + 


+ COS (tr — 02> — Em cos 2 n] 


s ^ 


■ 0 1) 




If E m 


— (COS 0! + cos 0a) 

2'jt 

%. £* 0 , then equation (5) reduces to 


••( 5 ) 




2n 


(1+cos 0x) 


..( 6 ) 


The negative sign in the ^ '.VrLinat 

S'volmeM mnsf S' kneeled to the cathode in order to read in 
the positive direction. 

The r.m.s. value of plate current is given by 


yin 


-o t (E m sin wt—EoV 


Rl 


\ d(cot) 


1/2 


...(7) 


The power supplied to the plate circuit is given by 

e , h d (tot) 


2 » 


2^)9! 


E m sin tot 


E m sin cot—E \ 
Rl 


) d ^ 


( 8 ) 
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810 . PHASE SHIFT CONTROL : 

, °* e .^ e mos * satisfactory methods of varying the current 

through a thyratron is known as phase shift control. In this method 
the conduction point of the cycle is controlled by controlling the 
phase angle between the plate and the grid potentials. This is 

achieved by the application of an a.c. voltage to the plate as well 
as to the grid. Both the a.c. plate voltage and a.c, grid voltage 
are taken from some a.c. voltage source so that they have the 
same frequency. The phase angle between the two voltages is 

^ ane « S V hat ,th e 8 r ' d voltage lags behind the plate voltage, 
jg. (22) shows how the conduction angle of a thyratron is affected 

« m r • an gle between the plate and the grid voltages. From 
hg. (22a) it is observed that when the two voltages are in phase, 

the tube conducts for 180° and the direct current through the 
thyratron is maximum, i.e.. 



When the grid voltage lags behind the plate voltage by an 
angle d u the current is given by 



(1+cos 0j). 


Figs. 22 (b) and 22 (c) show two cases of phase difference and 
their corresponding conduction angles. 

When the grid voltage leads the plate voltage fig. 22 (d)the 

tube conducts for 180° and the grid does not have any control on 
the current flow. 



Fig. 22. Waveshapes illustrating phase shift control (a), (A), ( c ) and (d 
show various cases of phase difference and the corresponding angle 
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Figure (23) shows a circuit ia which a variable phase can be 
obtained. The phase shift between grid and plate voltage is con- 
trolled by the impedances Zj and Z 2 . 

Using a centre tapped transformer 
voltages E and E' are equal in mag- 
nitude and phase voltage E drives 
current through thyratron plate circuit. 

The phase shift of the grid supply 
voltage may be adjusted by varying 
the magnitude of cither Z x or Z 2 . 

A vector diagram may be drawn to 
show phase and magnitude relations 
of various voltages and currents 

Figure (24 a) shows tne phaser diagram 
for the combination Z, equal to R and 

Z 2 equal to j<uL. Here the current / 2 
through the impedances Z, and Z 2 lags behind the applied voltage 
(£+£'). On resolving the voltage sum (£+£') into two components 
across the impedances Z x (R) and Za (ytvL), a right angle triangle 
isoqtaincdas a phasor diagram. Now joining the centre K of 
the voltage vector (£+£') to the vertex of the triangle, the grid 
supply voltage vector Egk can be obtained. This lags behind the 
vector £ by an angle 0. It is obvious from the figure that the 
vertex G of the phasor diagram always lies on the circle on vector 
(£+£') as the diameter. The magnitude of the vector E ak is, 

therefore, always constant and eaual to £. 



\£f 


* 6 
iflQQQQ / — J 


supp/y 

Fig. 23. Simple phase- 
shifiing network 





Phasor diagram 
when R and Z 2 =JojL 


Phasor diagram 
when Z t =l/j(oC and Z,=R 


Fig. 24 Phasor diagrams of phase shifting circuits. 

The phaje angle of E gk with respect to E is given by 

t oL 
~R 


-• ...a, 

Fig. (24 b) shows the phasor diagram for Z^l/jujC and 
Z a =/?. In this case it is also found that E gk has a constant 
magnitude equal to E and a phase angle which is lagging and is 
given by 

6" —2 tan- 1 wCR 

0 may be varied bY varying either C or 


...( 2 ) 
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*11. ON OFF CONTROL : 

Figure (25) shows the circuit 
diagram of a thyratron rectifier having 
on-off control . When the switch S is 
open the thyratron is biased nega- 
tively to such a value that the dis- 
charge can not be started at any time 
dur ng the cycle. In this case the 

negative grid bias E oe is greater than Fig. 25. On-off thyratron control, 
the critical grid voltage. When the switch is closed, the grid vol- 
taee becomes almost equal to the plate voltage. The thyratron now 
fires and continue to conduct until the end of the half cycle. It 
fires at the beginning of every positive half cycle as long as the 
switch remains closed. 



* 12. IGNITRON RECTIFIERS AND IGNITRON CONTROL 

CIRCUITS : 

The formation of an arc in a thyratron is delayed, depending 
upon the grid voltage; on the other hand, the arc is initiated in 
ingnitron by passing the current through the ignitor. When large 
power is required, the nitron rectifiers are u ; ed because there is 
no limitation of the supply of electrons from mercury cathode. 
Various methods have been devised for applying the ignitor current 
pulse depending upon the use to which ignitor is put. When this is 
used to rectify an alternating plate supply voltage, the ignitor pulses 
must be periodic and must be synchronised with the a c. anode vol- 
tage in such a way that ignition of main arc takes place at the 
same phase angle in every plate voltage cycle. The output is cont- 
rolled by controlling the time phase of firing or ign:t ; ng. A few 
common circuits are briefly discussed below : 


(1) Anode ignition with L ootf 

diode : The circuit arrangement 
using ignitron and its firing 
arrangement is shown in fig. (26). — 

A gas filled thermionic diode T 2 ££, y 
is connected in the ignitor cir- 
cuit This serves two functions : 

(i) it supplies the ignitor current 
and (ii) prevent reverse current Fig. 26. Ignitron as a half 

through the ignitor during the wave rectifier. 

negative half cycle of anode voltage. For the positive half cycle of 
the applied voltage, when the voltage becomes equal to the break- 
down potential of gas filled tube T s , the tube begins to conduct. 
Now a current Sows through ignitor and the mercury pool. As the 
supply voltage increases, the current through T t continuously in- 
creases until it reaches a critical value at which the main arc in T x 
starts. When T x conducts, a heavy current flows through the load 
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Z L and the voltage applied to T 2 and ignitor decreases to a low 
constant value. The ignitor current becomes negligibly small. 
During nega.ive half cycle, the tube 7\ stops conducting and no 
current flows through the load. The process is again repeated for 
positive half cycle. 


(2) Anode ignition with 
thyratron : A circuit arrange- 
ment of anode ignition with thy- 
ratron is shown in fig. ( 27V In 
this case diode T 2 is replaced by 
a thyratron. e, g is the control 
grid voltage of thyratron T v 
This is an alternating voltage 

of the same frequency as anode 
voltage but delayed in phase. 



Fig. 27. Anode ignition with thyratron 


The ignition of thyratron is thus delayed depending upon the delay 
angle <f>. There are two advantages of the above two methods : 

(i) Tgnjtion cannot take place at the beginning of the cycle, 

(ii) Ignitor current flows through the load impedance Zl restricting 
its suitability for relatively heavy load currents only. These defects 
are avoided in the following two methods. 

(3) Thyratron and capacitor ignition : The circuit arrangement 
is shown in fig. (28 a). Whenthe positive half cycle starts, the capa- 



( a ) Thyratron and capacitor ignitron. 




(b) Saturation reactor ignitron. 

Fig. 28. Ignitor excitation circuits with no ignitor current through load. 

citor C h gradually charged through the hot cathode gas diode T t . 
As soon as the anode voltage of the tube T t reaches a definite value, 
the condenser discharges through the thyratron tube T t . Now a 
sudden current through ignitor causes ignition in ignitron. The 
average value of rectifier current can be controlled by adjusting 
the grid control voltage. 












368 


Hand Book of Electronic * 


(4) Saturating- reactor ignition : The circuit arrangement is 
shown in figure (28 b ). For the positive half cycle of the applied 
voltage, the condenser C charges, through L x . Simultaneously, 
current. gradually builds up in the circuit containing reactor 
tube T t and ignitor T x . The core of Z, 2 is so designed that as soon 
as the current through the reactor reaches a critical value, the core 
gets saturated suddenly, i.e. its inductance decreases. Now the con- 
denser C discharges suddenly through the circuit containing L t , T % 
and ignitor. This causes an ignition. The purpose of rectifier T% is 
to prevent the flow of current in reverse direction. 

8 13. POWER SUPPLY : 

The circuit of a power supply using full wave rectifier is shown 
in fig. 29. 


WPUT 

AC. 

voltage 



CEC07ETEP SSOm^UJER S£CT/OV -XPEGOUmQfi 


Fig. 29. Power supply unit. 

The power supply system includes the following sections : 

1 . Rectifier section 

2. Filter section 

3. Regulation system 

4. Bleeder resistor. 

We shall now describe the different sections. 

The rectifier section consists of two vaccum diodes (if full wave 
rectifier) or only one diode (if half wave rectifier) along with a 

transformer. The performance of half wave and full wave rectifiers 
has been discussed in the previous articles. 

FILTER SECTION 

We shall d.scuss this section in the light of following points : 
((?) Ripple factor, 

(6) Output voltage, and 
(c) Voltage regulation. 

The effect of output resistor on the above points will also be 
considered . 


Rectifiers and Power Supply 


369 


The output of a rectifier contains a.c. component of considerable 
magnitude. The effect of this a c. component is to vary the output 
*■ d.c. voltage. The filter system is used to reduce the magnitude of 
this ripple and to provide a regulated and constant voltage. The 
following filters are used : 

(i) The series inductor filter : The rectifier with series induc- 
tor is shown in fig. 30. 



Fig. 30. Rectifier with series inductor filter. 

The inductor in series with load serves as a filter. The opera- 
tion of the inductor filter depends upon the property of the induc- 
tance to oppose any change of current that may flow through it. 
During the positive half cycle of the input voltage, the inductance 
of the choke retards the rise of current trough the rectifier. After 
the impressed voltage reaches its positive peak, the energy stored 
in the magnetic field will continue the d.c. pulse even after the 
applied voltage becomes negative. Thus the conduction takes place 
for more than half a cycle. As the inductor L offers an extremely 
high impedance to alternating component of current in the diode 
output, the amplitude of a.c. component is reduced considerably. 
Since the d.c. resistance of large inductance L is very small com- 
pared to R, the d.c. component is not reduced at all. 

If the input voltage be e=Er» sin then the differential equa- 
tion for the conduction interval is 


+ sin tot, 

at 


..a) 


where i b is the diode current and R is the load 
The equation (1) can be written as 


di b Rib 

/+ T = X 5in “ f ' ...(2) 

The solution of equation (2) consists of two parts : (/) comple- 
mentary function, (ii) particular integral. The comnlementary 


sin a*t . 
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be obta j ne 1 by putting the right hand side of equation 
(2) equal to zero and solving it for the current i b , we have 4 


where A is constant. 

The particular i 
(2) as it is, we have 


i b =Ae- R *H, 


...(3) 


where 


h 


4= tan 


/ . 

(R‘-\-aj 2 L‘yi* ' sm wt 

_i oiL 

~R‘ 


+)> 


...(4) 


Therefore, the diode current is 

ib~-Ae~ R, lL-{- ~ rt ' > m „ -— — sin (cot 


<f>), 0 ^ wt „ < 6 


..(5) 


2k 


(* 2 + to 2 !.*) 1 ' 2 

. . . . . 0« < wt 

where v 2 is the ignition angle (conduction angle). 

Assuming that the positive cycle begins at /= 0, i.e. j»=0 at 

wf—0 the value ot the constant A can be calculated. Applying this 
condition m equation (5), we have 

0 = sin (— 4) 


A 


( R 2 +u> 2 L 2 yi 2 

Em • j 

sin 


(* 2 +co*L 2 )V* 

Substituting this value in equation (5), we get 

JE v* 

4=r^-^r,— . sin 4 sin (cot - 4) 


or i b 


(R 2 +co 2 L s yi 2 

E m 


(R 2 +co 2 L 2 yl 2 


[sin (a)t—4)+e~ K 'l z ‘ sin 41- 


..( 6 ) 


(R 2 +<o 2 L 2 y>* 

The first term has a sinusoidal nature and becomes zero for 
ce rtain value of cot. The second term representing the exponential 
component is always positive For large L and small R, the expo- 
nential component decreases very slowly (as time constant L/R is 
quite large) and i b may not be reduced to zero and it flows contin- 
uously. This occurs in case of full wave rectifier; moreover, in case 
of half wave rectifier, the current is cut off to zero. 

The cut off angle 0 S (greater than n) can be found by the con- 
dition that o)t=6 2t the current / 6 =0. Applying this condition to 
equation (6), we have 

C=Z (R 2 +to 2 Ij yf 2 t sin (0 * -4)+e- Rt l*-sin 4 ] 

or sin (0 2 — sin ^—0 because 
or sin 0 2 cos cos 9 t sin 4 


Em 


(R-+io 2 L 2 )V 2 

e -Rt l s J n J, 
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or sin 0 2 cos <£=sin </> (cos 0 2 

or sin 0 2 cos <f>=s\n <f> (cos 0 2 

RbJioL 

m . trw 

or cot <f> 


e Rt ' L ) 

— ROJojL 


) 


cos 6 


or 


R cos 6,—e 


sin 0 a 

- ROv/ojL 


idL 


sin 8 



tan <f> 



..(7) 


If R/wL is known, the value of 9 2 can be calculated with the 
help of equation (7). On getting the value of conduction angle 0 2 
from equation (7) and the magnitude of current from equation (6), 
the general character of the solution of differential equation for the 
current can be depicted as a shown in fig. 31. 



Fig. 31. Showing.the effect of L on the waveform of the current on 
the conduction angle 9 , in halfwave rectifier with inductor filter. 

The average value of direct current can be calculated by 
averaging the current over a complete cycle i.e. over the interval 
0 to 0 2 and 0 2 to 27t. 

• ; Em 
•• d ' c ‘~27cJo(KV<^V' 2 

1 [ 2rr 


[sin (u>t — ^)-f e <f>] d(wt) 


E 


m 


2uR ( 1 + 


1/2 jj* [sin(o>f-<i) + e ^^sin d{<ut) 
R* 


(l)Jj R 

If < 1, then— 7 tends towards infinity so that 
R toL 


RdfajL 


• • 


h.C • 


m 


« n +^) 


9 2 

sin {ujt — (f>)d{a>t) 


o 
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E. 


2 «*{ 1 + 9 - 7 “)* 


2 sin utt d(utt ) 


because <*=tan“» °^and when <$ \ 


R 


4>=o. 

Neglecting 


R 


w’Z . 2 

R* 


being very small, we get 


I 


d 9 


or 




E m 

2 kR 

E 


m 


COS lot 


[1 — COS 



Ed .*.= Id-9- X/? 

=ff ['-™s »>]. 


* 

Again Efficiency = - d e - x 100 


( 1-cos fl,) 

2tt 


X100. 


..( 8 ) 


...(9) 


..( 10 ) 


Equations (8) and (9) show that as 0 % approaches 360°, the 
d.c. output voltage and current are small in terms of E m F° r 
small value of L, 0 t approaches 180°. 

(ii) Shunt Capacitor Filter •: In fig. 32, the rectifier with 
shunt capacitor filter is shown. The capacitor shunted across the 
load resistance acts as a sinmle filter. 



Fig. 32. Circuit of rectifier shunt capacitor filter. 

As the direct current can not flow through capacitor, almost 
all the d.c. component flows through R and hence the direct out- 
put Voltage is not reduced at all. The plate current flows when the 
diode conducts for the positive half cycle. This current charges 
the capacitor to nearly the peak value of the input voltage. During 
negative half cycle when the tube ceases to conduct, the capacitor 
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discharges through the output resistance and thus maintains the 
output voltage at a relatively high level through the input voltage 
cycle. 


The waveform of currents (i'i, = diode current, i„=current 
through capacitor and //j=current through resistor R) are shown 
in fig. 33. 



Fig. 33. Waveform of currents in half wave 

Ignition angle 6 1 corresponds to start of conduction period. 
Extinction angle 0* corresponds to the end of conduction period. 
It is observed from the figure that from the instant <^=0, to the 
instant a »r 2 =0 e the diode conducts, while it does not conduct from 
the instant <ot 2 to The capacitor C now discharges its 

voltage through R. We shall obtain the expressions for the diode. 

The voltage across the capacitor during the charging interval, 
(utj to u)t % , is equal to supply voltage, i.e., 

e e =e=E m sin out, iot l < tot < wt 2 . 

The current i K through the resistance during the sa 
val is given by, 

E m sin a>t 


...fl) 

e inter* 




R 


lot 


lot 


lot 


£> 


lot 


tot 


and the current i 0 through the capacitor, 

de 

ie=c toC E m cos lot, loti 

The diode current i b , during tne conduction interval is the su 
of the two currents, i.e. /t,=f 0 +/V 

lot 


h 


E 


m 


'sin < 
~R 


+ojC COS tot 




At the conduction ends, the diode current is tero, i.e. 

ib = io + ir 

ie——iR when fi,=0, 
sin. coTo 


( 2 ) 


wC cos lot 


R 


(as t—t 2 at conduction ends). 
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o?#2=tan _1 (-(oCR). ...(3) 

Equation (2) may be written in the follqwir g form 

4 = 1 + <o*C*R s ) sin (<ot+<j>) 

where ^=tan~ 1 (wC/?)= 7t -tan- 1 (~a>CR). 

Thus, 

£ 

h=-j^y/(l-\-(o*C*R*) sin (a>/ 2 — <ot), ai/ 1 < a>f < a>/ 2 . ...(4) 


After 0 2 =a>/ 2 , the capacitor discharges through R exponentially 
with a time constant CR until the next positive cycle of the applied 
voltage equals e r or e B . At this stage the capacitor begins to re- 
charge and the diode starts conducting. This situation exists at 
r 3 at phase angle of (2^+0,). 

The controlling differential equation during the non-conduct- 
ing portion of the cycle is 

h=C ^-^-—=0 (/ 6 =0, during non-conducting portion) 


or 


de e e„ 
dt + RC 


0 . 


...( 5 ) 


...( 7 ) 


This is the differential equation for the interval (ot 2 to 2n+utv 
The solution is given by 

e e =Ae-*l CR , — ( 6 ) 

where A is a constant, whose value can be obtained by applying the 
boundary condition e—e„— E m sin wt 2 when wt=uit 2 , 

E m sin (ot 2 =Ae~*i ,CR . 

or A^E m sin cot 2 eV c,? 

Substituting this value of A in equation (6), we get 

e 0 =E m sin cof 2 .e~( ,_< t^ CR 

or e c =E m sin wt 2 .e~^*~ t i ^ uCR , <ot 2 < wt < 2n+a >/ 1 

It is clear from the equation (8) that for large <oCR that is, for 
large R (light current load) or large C, the exponential term will 
approximate unity and hence the voltage during the interval will 
not drop greatly below at tot t . The ripple is thus small. For small 
toRC, i.e. small R (heavy current load), the exponential term has 
greater effect and voltage drops considerably below its value at wt 2 . 
Thus, the ripple with a capacitor filter increases with the increase in 

load current. 


...( 8 ) 


f 


I f 2ff+wi 

-f— \ 1 E m sin to to d^cot). 


27C J mt2 

At ct>/ 1 +27t, 

e c =E m sin (o)t l +2n)=E m sin a>t x 


...( 9 ) 


- 
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and from equation (8) we get 

e t =E m sin 

Equating the two we have, 

E m sin ut^-Em sin 

or sin cof^sin o>r 2 .. 4 IO) 

Substuting equations (3) and (10) in equation (9) and integ- 
rating we have 

V(i+-*W> t 1 - 005 (11) 

If a curve of E d . e -IE m is plotted against tan -1 wCR, a complex 
waveform is obtained and it is difficult to calculate the ripple factor. 
If the output waveform is taken approximately as shown in fig. 34, 
the result can be simplified. 



Fig. 34 Approximate output waveform 

From the figure, 

E r 


E d .„. — E 


2 


...( 12 ) 

During the discharge interval wt 2 to 2fl-4-w»'i, the capacitor is 
ssumed to loose charge at a output rate with a current I d . e . The 
ate of loss of potential is 

de„ Er 1_ dq 

d(iot)~ 2 tt «J t i ~ajt 3 ~aiC dt ' 


We know that 


Id-o- 


% + 


Id-0- 


Er 


or 


de„ 1 

d (pit) cjC *°’ 0 ' 2-rr+ai^ — (x)t t 

(2ff-f-a»fj — <wf 2 ) Id-o- 


Er 


ct)C 


...(13) 


Taking the time axis along the / d .„. curve, it can be shown 
hat for such a triangular wave, the r.m.s. value of a.c. component 
of voltage is given by 

£ 

75- (See numerical example-1) 

2 V3 p > ...(14) 
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Substituting the value of E R in equation (14) from equation 


(13), we get 


E a .g. 


(2 TT + tOtj-Oiti) l d . e . 


Hence ripple factor 


2-y/3.wC' 


-..(15) 


y_Hg. e . (27T-)-<o/ 1 — tp/ 2 ) / d . e 


E d . c . 2V3 <j>CE d . e . 

_ (2 n +o>ti—u>t 2 ) I d . c . 

2y/3 toC (I d . e . R) 

(2n+(ot 1 —t»t 2 ) 

. . 2V3 wCR ’ ...(16) 

when is very small as compared to 2n, it can neglected 

and the ripple factor is given by 

v__ 2r. 1 

2Vi-2nf.CR~2V3f.CR- ...(17) 

The ripple factor in full wave vacuum tube rectifier can be 

obtained in a similar manner. The only difference is that two 

pulses of current are received by the capacitor from the source in 
each time. 


Ripple facto, 

2v 3c uCR 

The approximate output waveform of full wave vacuu 
rectifier is shown in fig. 35. 




Fig. 35. Saw tooth voltage representation 

in the case of full wave rectifier. 


(iii) Full wave rectifie 
with series inductor filter 
Fig. 36 shows the circuit dia 
gram of a full wave rectifie] 
with an inductor filter at iti 


output end. As no cutoff 
occurs in the current, the 
analysis of full wave rectifier 
with series inductor filter is 
different from that used in 
case of half wave rectifier 
with series inductor. The 


Fourier series shows that 
cab is of the form 



Fig. 16. Full wave rectifier with series 

inductor filter. 
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1 J COS 2cot 


• •( 3 ) 


• • ( 4 ) 


Cab — —— 1 --^-cos 2 a>/— — cos 4to / 1 

r. 3 15 J 

As far as the amplitude of the output voltage is concerned, 
the only two terms are important ; therefore, the analysis is app- 
roximated only by the first two terms i.e. 

2E m 4 E m 0 
eAB— — -= — cos 2 o>/. 

it 

If R ch is the choke coil resistance, the d.c. current produced 
by the first term is 

r 2 E m 

Jd -'~n(R th + R)’ ..(3) 

where R is the load resistance. 

Similarly the current due to second term (fundamental a.c. 
component) is given by 

4 E m COS (2 

~2tt Vl{R c »+W+4“ 2 E 2 } ’ - (4) 

where ,a„ #- 5 ^ 55 -. 

The total current in the load is 

. 2 E m 4 E m cos (2ujt — i) 

~ n { Ec^+R) ~ Vl(Re»+ R) 2 + ■ 4oj ! 2J\ ...(5) 

The ripple factor y is defined as 

_r.m.s value of the a.c. component of current 
V ~ d.c. component ot the current 

4 E„ 1 

3ttV2‘ VURcu+Rf + ^E*] 

2E m 

n ( Rch+R ) 

2 (R c h+R) 

~3V2 V[{Rch+R) 2 + 4<» 2 L 2 ) 

_V2 1 

“ 3 VV+4“> i E 2 l(R c »+R) 2 ] 

If IS large, the ripple factor reduces to 

Rch + R 

_ V2 (Rch+R) 
y 3 2wL ' 


.-( 5 ) 


3 - 


and if R 


R, then 
y/2 R 

y= l2 uZ 


0-236 


ojL' 


The equation shows that the ripple decreases with the increase 
of inductance. 
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„ ^ l c - . out P u t voltage will be due to the d.c. component of 

current only i.e, 

£. r v »> R 2 Em 

^•0* /i c. X A 




If 


B C h 


R 


*('+t) 


E 


2 E. 


— ‘ ... 
71 ...(7) 

Equation (7) is independent of R and hence shows a perfect 
itage regulation. However, this expression is derived on the 
assumption that plate resistance of the tube, choke resistance and 
transformer reactance are zero, while they are not. Due to 
tms fact the output voltage decreases with the increase of load. 

(ii) L section filter or choke input filter : The two types 

namely series inductor filter and shunt capacitor filter are not 

much efficient to provide a low value of ripple at all loads. In 

choke input filter we use a combination of series inductor and a 

shunt capacitor. The capacitor, shunting the load, bypasses the 

harmonics currents while inductor offers a high impedance to the 
harm onic terms. 

The capacitor filter has low ripple at heavy load while induc- 
tor filter at small loads* Therefore a combination system of these 
two should give low values of the ripple at all loads. 

• l* ch ?° se dements of the filter such that the series impedance 
is high while shunt impedance is low, i.e. choke impedance is 
higher than the effective parallel impedance of the capacitor and 
load resistor. The Fourier series of the voltage waveform at the 
input of the filter has the form 

ei=^2- — cos 2(ot—^~ cos 4u)t 9 /n 

n 3n 15 n 

where E m is the peak input voltage across each diode. 

The first term (2E m /n) represents the d.c. voltage applied to 
the input of the filter. As the plate resistance of the diode and d.c. 



Fig. 37. Rectifier circuit with choke input filter. 
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resistance of inductance L are assumed far smaller than R , the 
first term (2E m jn) also represents the d.c. output voltage across R. 

2 E 

• p 

" d ' c *“ ...( 2 ) 


and 




7U 

2 E 


7tR 


where /*.,?. is the direct current through R. 

The second and third terms represent the second and fourth 

harmonics respectively. The filter is used to get rid of the harmo- 
nics. 

To calculate the second harmonic current, consider the impe- 
dance offered by the filter circuit at the second harmonic frequency 
2w, which is given by 

, ..,,/?// 2wC 

'2/ =7 2 c oL -\ • 


R H • 


Now second harmonic current /.,/ 


j 2 ojC ...( 3 ) 

Second harmonic term 


2/ 


• * 


if 


371 


j 2 wL + 


4 E m 

R/ j 2wC 
R+-r 1 


...(4) 


j 2c oC 

The filter elements are chosen so that the ripple voltage appears 
across the inductor instead across the load or condenser C and 
thus make the filter effective. In practice load R is usually high 

Thus R > 2wL > 2 c^c‘ 

The approximate value of Z 2 / and 7 a/ are 

Z 2 /=2o>L 

a , 7 _ 4 E m 

sncl I^t — ^ "7% j • 

3;: 2wL ...(5) 

As the reactance offered by the capacitor C is quite small, 
compared with load resistance R, almost all a.c. component of the 
second harmonic current passes through C. Thus the approximate 
value of the second harmonic voltage E it across R is 

r> 1 , . v 4ZT m 1 

•••( 6 ) 


0 3tc 2 ojL '2 wC • 

Similarly, the impedance offered by the filter circuit at the 


fourth harmonic frequency is 

R/j 4 cjC 


Z X f=j 4 wL-\- 


/?+— 


1 


j 4wL. 


...( 7 ) 


j 4ojC 
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The fourth harmonic voltage across the load is 

r _4 E m 1 1 

Eif I 5tc X Z«, X j 4a iC 

_! _ 

“ 1 5tc *j 4 wL ; 4 wC~ 1 5rc X 4coL X 4atC* ...(8) 

The ratio between the fourth harmonic and the second harmo- 
nic voltage across the load resistance R is 

E t f 4F m 3 w X 2coL X 2o>C 

E 2 r ~ 1 5w x 4a>Z. x 4ooC X 4 E m 

1 _ 

“20 

=5%. -(9) 

As the fourth harmonic is only 5% of the second harmonic, 
the higher harmonics above second harmonic may be neglected in 
calculating the ripple factor. 

The ripple factor is defined as the ratio betwcn the ac. and 
d.c. components of the voltage across the load; hence 


E f.nw- Etfly/2 

Ed ig* Ed ■ c ■ 

( 4 E m 

\ 3jt x 2cjL X 2 u)C 
" 2EJn 

1 


V 


~6y/2^ 2 LC * ...( 10 ) 

It is obvious from above relation that ripple is independent of 
load resistance. By choosing approximate values of L and C ripple 
can be reduced to less than one percent. 

Voltage Regulation : The smoothing effect due to inductor is 
shown in fig. 38. It is seen that current does not fall to zero 


during any portion of voltage 
variation cycle because it 
releases its stored energy du- 
ring the period when voltage 
drops to zero. The a.c. com- 
ponent are bypassed through 
the capacitor and, therefore, 
a ripple-free smooth voltage 
may be obtained across the 
'oad. 

A continuous current 
must flow in inductor for 



Fig. 38. Smoothing effect of inductor. 
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which 7 m (a.c.) < I a . e . is necessary. This condition in turn depends 
on relative values of L and R. The critical inductance L e required 

to give sufficient energy storage for a continuous flow of current 
is given by 



for a given load R. 



R is in ohms and t e in henrys. 

A regulation curve in direct output voltage against load current 
for a filter employing a given value of inductance is shown in 
figure 39. 


It is clear from the graph 
Fig. 39 that below critical 
current /«, output voltage vari- 
ation is large, while for the 
load current greater than /„ 
output voltage is essentially 
independent of load ; the 
reason being that when load 
current is greater than I„ 
inductance current flows con- 
tinually, which is necessary in 
the action of choke input filter. 



Fig. 39. Regulation current for L 

section filter. 


(v) Capacitor input Filter 
or Tt Section Filter : A circuit 
of full wave rectifier with r. section filter is shown in fig. 40. 



Fig. 40. Circuit of rectifier with capacitor input filter. 


When higher output voltage at light loads is desired, an input 
capacitor is added to L section filter to form a n section filter. 

The capacitor C x draws a charging current pulse twice each 

cycle and charges to E x before being disconnected from the source 

by a diode. The capacitor then discharges through the inductance 

L and load R until tne second diode connects the source on the 
next half cycle. 


As shown in figure 41, during each conduction interval capa- 
citor C x charges almost to the peak value of applied alternating 
voltage. After this neither tube conducts nor capacitor ^egins to 
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discharge. The inductance serves to maintain an almost constant 

discharge current. During the time in which the capacitor voltage 

reaches to an appropriate value, one of the tube conducts and thus 
the capacitor is again charged. 



E 


d»c 


E m 


Fig. 41. Waveforms of curreot and voltage on C x . 

Output voltage : In this analysis it is assumed that C ± is large 
enough to supply a constant current to the load during the non- 
conduction period of the diode (it is charged to the peak value of 
supply voltage E m during the positive half cycle). The current 

flowing in L is constant and the ripple component is small. The 
a.c. voltage across load is 

E r 

where R e is choke resistance. 

Er is peak to peak magnitude which may be found by assum- 
ing that Ci is large and the conduction interval is zero. 

If the capacitor C x is assumed to discharge at a constant rate 
through L and load for T/2 seconds, the total quantity of charge 
discharged is 

T 

Q—Id-o> 2~ coulombs, 
and the fall of voltage across Ci is 

F __Q Idc T 

R C x ~ 2C X -I 2 ) 

we know that T—l/f where /is the frequency of a.c. cycle 


Er 


Id- 


tt! 




i 


2 fC x 2n fC x 
Thus output voltage becomes 

Ed-e-~E m I d . c . (- — — — f- R 


it 


d'C 


ojCj 


...(3) 


('2 wC x 

Voltage Regulation : The above expression for output voltage 
shows that the regulation depends upon the value of C x . The regu- 
lation is good for higher values of C x . In fact, the major effect of 
C x is on regulation while that of C 2 is on the ripple. 

Ripple Factor : If the ripple waveform be considered tri- 
angular, the ripple is given by 
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£r 


E 


n 


R • 

S ' n lu>t ~ 2rr S ‘ n 4to/ + ^ sin 6wt. 


Er 
3 IT 


w w 

cons . ider the current in inductance L mainly 
second harmonic component and taking 


...(4) 

due to 


1 


then the portion 
across C 2 or R is 


2wC. 


< R, 


2 


of r.m.s. second harmonic voltage appearing 




E r 


■jl2wC, 


Putting Er 


V2.n’ j2u>L-j\2u>C t • 

Er 1 

y/2.v 4 id z LC% — 1 ' 

l d ' 0’ ^ 


E 


a>Cj 

Jd-e 


1 


y/2u>C i 4lo 2 LC 2 — 1 
= Ripple voltage across load. 

Ripple factor = -J^= — L. 

Ed.*- \/2o)CiR (4a »*ECa 


...(5) 


O’ 


The above expression shows that ripple factor is a function of 
load. The ripple factor decreases with the increase of load resis- 
tance or decreasing current output. 

When 4u> 2 LC 2 far greater than 1, the ripple factor reduces to 

V2 

7 8o> s CjCiLR* 

where C 1 and C* are in n F , and L in henrys. 

Comparison of L Section and n Section Filters : 


J. 

2 . 

3. 


L Section 

Ripple is independent of 
load resistance. 

Voltage regulation is fair. 
Output voltage is low. 


7? Section 

1. Ripple factor varies inversely as 
load resistance. 

2. Voltage regulation is poor. 

3. Output voltage is higher in com- 
parison to L section at light 
load. 


814. 


REGULATION OF POWER SUPPLY OUTPUT 
VOLTAGE : 


are uledT^?/ 5 haVe discus “ d the filter system. The filters 
constant! 86 refiuIatlon means that the output voltage remains 
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Voltage regulation is defined as the percentage change in out 
put voltage when the load is removed, i.e., 

_E C (no load) — E 0 (full load) 


^regulation 


XlOO, 


E n (full load) 
where E u represents output voltage. 

In electronic applications, to avoid any confusion, no load and 
tull load conditions are referred to minimum and maximum load 
current limits for which the regulation is desired 

Example. The output voltage from a power supply drops 
from 320 volts at 20 m/V to 280 volts at 120 mA. Find the per- 
centage of regulation over this range. 

Percentage of regulation 


Efl 


XlOO 


320 


280 


28 °X100 


= 14 ' 3%. 

Causes for poor regulation : The poor voltage regulation is 
due to the decrease in the output voltage of power supply on 
account of the voltage d ops in any portion of the circuit that has 
resistance e g. resistance in the primary and secondary windings 
of the transformer, resistance in the series filter element ( L or R), 
resistance in the rectifier tube. Line voltage variations are also 
responsible for poor regulation. Therefore, to improve regulation 
of power supply voltage : 

(/) chokes and power transformers should be wound with 
larger sized wire (to minimise winding resistance). 

(ii) vacuum diodes, because of their high internal resistance, 
should be avoided and in place of these semi-conductor diodes, 
which have much lower resistance are most suited. 

(Hi) R.C. fil’er, because of its high series resistance, and * 
type filters, because of varying discharge time constant, should no 
be used. 

In order to maintain the stability of output voltage over large 
operating range, voltage regulator circuits are employed between 
the filter and the load resistance in the power supply system. 


We shall discuss the following voltage regulator systems : 

810. VOLTAGE STABILIZATION BY GAS DISCHARGE 

TUBES (V.R. TUBKS) 


The principle is based on the fact that in a cold cathode 
gaseous discharge tube the voltage across the discharge tube 
remains constant over a considerable range of current. When the 
tube is connected as shown i i figure 42, the voltage drop across 
the load remains more or less constant, even when there is varia- 
tion in the applied input voltage (£*„). The tube bypasses then 
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Fig. 42. Voltage regulator 

tube circuit. 



Fig. 43. Volt-ampere characteristics 

of a V.R tube. 


current variations produced by variation in input voltage and 
maintains the current constant through the load i.e. it keeps the 
output voltage constant across the load. Secondly, if the input 
voltage is constant and load varies, then output voltage tends to 
vary but the tube bypasses current variation through it and mam 
tains the current through R constant. The output voltage across 

the load then remains constant. 

The tubes are known as V-R tubes. The voltage across the 
tubes is determined by the material of the cathode, nature of gas 
and gas pressure. When we are required to have the output voltage 
greater than a single V-R tube, then several V.R tubes are connec- 
ted in series. 

Figure 43 shows the volt-ampere characteristic of the V-R 
tube. The curve is almost linear over the wide range of operation 

and hence it can be represented by 

E—tn I ma x • "T ■ 


(as y=mx->,-C) 


m 


Eb — Ea 

I max • I min 

C=E fflA 


where 
and 

E a and Eb are the voltages corresponding to points A and B , 
From figure 4 , we have 

Ein = Rl (/i + * 2 ) + £q 

E 0 =i t R—m 


..( 1 ) 

• ( 2 ) 


From equation (2), we have 


1 2 =^ and h 


Eo-C 


m 


Substituting these values in equation (1) we have 


E 


,n ~\R + 
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Solving it we have 




mR Ein+CRyR 
RRi -hm/?j + mR 


..(3) 


...(4) 


■«*. pu t t;^vti,fr!fX-r a,edo “ p “ ,£ ” 

The stabilization ratio is given by 

S~^Ein} R {Ri+n^ +mR-, mE i „+CR l 

a E 0 m/? — ^ 

C, h t. tnTtf^houYd targe!' 0 ”’ ^ and m must be smal1 whilc 

8 16. ELECTRONIC POTENTIAL REGULATOR : 

elements^ir^nH 1 Voltage to be stabilized is fed to two 

Shdifn in 1i a f t he OUtput is taken frOD1 the element B as 
A and R tpFAa , ^ * re impedances of elements 

outrun iq 7 ?/ £ Xl V^}) \ ***££ .* fraction of input voltage fed to the 

a wav that fh Z i +Zi,) ’ ^ b,s ratl ° may be made to change in such 
Thi«Ln h l ^ C changes *, n the mput voltage may be compensated. 

Now «h n° ne by , mak ‘ ng either or both Z * and Zb non-linear, 
non iinL Sha ! I COnS, de/ tbe case in whicb Zb is linear and Za is 
t t1,1Zing . th ? 1563111 resistance of a triode valve The 

circuit arrangement is shown in fig. 44 (b). 



Ftg. 44 (a) Basic potential divider. Fig. 44 (6) Triode circuit to explain 

beam resistance. 

The beam resistance is different from the plate resistance ( r v ) 
and is defined as the ratio of the plate voltage e b to the plate cur- 
rent i» Le . r b ^=e b li b , The value of plate voltage e b is given by 

e b=Ebs—ib Rl [from fig. 44 (£)] ...(1) 

Equation (1) shows that when plate current increases, the plate 
voltage e b decreases and when plate current decreases it increases. 
We also know thate plate current depends upon grid voltage. When 
grid voltage is zero or slightly positive, plate, current is maximum 
and plate current is zero for cut off grid voltage. In this way, 
when grid voltage is zero, plate current i b is Jarge and beam resis- 
tance is small, similarly, when grid voltage is negative, tbe plate 
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current decreases and beam resistance increases. Thus, as the grid 
voltage decreases, the beam resistance increases. For a properly 
designed circuit, the change in beam resistance is of such a nature 
as to give the output voltage which remains substantially cons- 
tant. 

Circuit arrangement : The circuit 
arrangement is shown in figure 45. Let 
the voltage across the load be at a 
desired value. Then the cathode is posi- 
tive with respect to ground by a poten- 
tial E 0 . By adjusting R, the grid is 
made positive with respect to ground 

by a potential E„, of course. E„ is always 
less than E 0 . The difference of E a and 

E 0 is equal to grid cathode potential. 

I a « . « . 1 • | • 1 • 



tube 


Fig. 45. Simple vacuu 

regulator. 

The value of E 0 is 
adjusted, such that the tube is’ biased in the active region and 
passes adequate current through Ri to maintain the output 
constant. 

Let for some reason Ej be increased. Due to the increase. in 
potential, more current flows through the tube and hence E 0 will 
have a tendency to increase. As the output potential increases* the 
grid cathode potential have a tendency to decrease because E ff is 
constant. With this decrease of grid potential, the plate current 
decreases and thus beam resistance increases. The ultimate effect 
is that E t) have a tendency to decrease. Any increase in output is 
counteracted by the circuit arrangement ani E$ is brought back to 
its original desired value. 

Similarly consider that input Ei decreases. Now E 0 has a 
tendency to decrease and thus grid cathode potential has a ten- 
dency to increase. Due to the increase in grid potential, plate 
current increases and hence beam resistance decreases. Thus the 
output potential tends to increase. The output potential is brought 

back to its original value. 

If the input voltage is removed- 
a high grid current may flow and may 
damage the tube and hence to limit 
this current, R Q is placed in series 
grid. 

In practice, the battery is rep- 
laced by V. R. tube as shown in 
fig. 46. 

battery. 

8 17. TWO STAGE DEGENERATING VOLTAGE STABILISER 
(ELECTRONIC VOLTAGE STABILISER) : 

'Figure 47 shows the circuit of electronic voltage stabiliser. The 



Fig. 46. Simple vacuum tube 

regulator with V~R. 
tube instead of 
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unregulated d.c. voltage from 
rectifier and filter is applied 
to the input terminals of regu- 
lator circuit and same is 
obtained at the output termi- 
nals reduced by voltage equal 
to the voltage drop in series 
cohtrol tube T u Tube T 2 is a 
d.c. amplifier and its cathode 
is maintained at a positive 

potential with respect to Fig. 47. Electronic voltage stabilizer. 

ground by a constant potential E,. This is done by a V-R tube or 

a ^ Vo ! ta S e £2 is applied to the control grid of ampli* 

er tune i 2 . The grid of cathode voltage of tube T 2 is equal to the 
d^erence of voltages E 2 and E„ This difference of voltages is 
amplified by d.c. amplifier with tube T % and load resistance R t in 

plate. 1 he amplified voltage developed across R 2 appears between 
plate and grid of valve T x . 

Let us consider that for some reason, the unregulate d.c- 
voltage increases. Due to this increment, the output voltage Eo 
tends to increase. The voltage E z , which is fraction of output 
voltage E 0 also tends to increase and thus the difference (E%—EJ 
increases. It means that plate current of d.c. amplifier tends to 
increase and its plate voltage tends to decrease. As the plate of T% 
** ajrectly connected to the grid of 7\, the grid cathode voltage of 
T x decreases and thus the plate current tends to decrease. When the 
plate current decreases, the beam resistance increases and the net 
result is that the output tends to decrease. Thus due to the circuit 
arrangement, E 0 remains constant at the desired value. 

Similarly we can explain that the decrease in input is also 
counteracted such that output is brought back to the desired 
value. & 

817. ANALYSIS OF ELECTRONIC VOLTAGE STABILIZER 

Here we shall consider the following two cases : 

(0) Varying input voltage, ( b ) Varying load current. 

(a) Varying input voltage : 

(1) R* connected to the input side of stabilizer : 

Let g ml and r vl be the mutual conductance and dynamic plate 
resistance of tube T x respectively. The variation in the plate current 
^*1 of tube T 1 comes due (i) small variation of plate voltage 
and (ii) small variation in grid voltage e gi . Thus J 



From figure 47, we find that 




T1 


dE, 




dE \ -dE* 


...( 1 ) 
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iE vl — e p — dEi—dEfi 


dlpi — ipi-~ 


dEo dE o 


Es-\-R* El 

where R^vs the load resistance and is assumed to be constant. 
Substituting these values in equation (1), we get 


< dE 0 


— gmi (dE 1 --dEo) + 


(i dE, -dE 0 ) 


* 1 


or 


d£i 


0 



1 1 , F ,dEi 

+?mi + — ] dEl+ 


'*1 


rpi 


or 


dEt 


+ gml +l j 


]=g*i r n dE t + dEi 


or 


dE 0 1 ] — Pid Ei 4 dE 


dE* 


/E] dEi+clE 




...( 2 ) 


dE; 


In order to find the ratio of -tf* , the term dE x should be 

0 

replaced in terms of dEi, dE 0 and circuit constan's. The change 

dE, occurs due to two effects : (i) voltage variation dE, and 

'ii) voltage variation dE L . 

r dE 

The effect of first factor is where is the dynamical 

plate resistance of tube T t . This effect is due to series circuit com- 
prising to Rt and plate resistance r p z of tube . 2 . Of course, the 
voltage E a across V-R tube is assumed to be constant and hence 

does not come in picture. 

The second component is the amplified effect ot input voltage 
applied between the grid and cathode of tube T 9 . It aE$ is the 
change in output potential, then the change in the grid voltage of 
this tube is [/? 8 / R % +R,)] dE 0 . Let A* be the voltage gam of the 
amplifier using tube T 2> then the change in dE{ due to amplified 
signal of T A is equal to \_RaI(R*+RJ\ dF 0 XA 2 > 

Thus the total effective change dE 1 due to both effect is 

R i dE lt A 2 


or 


where 




dEi 

dtl -r T : + R 2 ' jr {R 3 +R.) 

— atu-\-fiA 2 dE 0 , 

r P2 j> _ 


and A 


Fa 


...(3) 




/? 2 +r P2 ’ 1 R-srRi 
Substituting the value of dE 1 from equation (3) in equation 
(2), we have 

, fj-i (« 2 dEj-Efi A 2 dE 0 ) + dE j 
8 ~ (/W^c+Fi+U 
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or 


ftp dE 0 


or 


j— M iM 


dEi Gna,+1). 


Hence the stabilization ratio S is given by 

dEi 1 (1 — (J/fj ) 

dE$ (ji x ai + 1) 

Under normal conditions f}A t > > 1 
and fi x fl— pi4 2 ) > > and hence we mav 


...(4) 


...(5) 


1 . and hence we may write 


S 


ft Ml ^8 


Ml«2+1 ...(6) 

The effectiveness of a circuit is determined by quantity 5. 
Larger is the value of S, better is the regulation. With a simple 
d.c. amplifier S varies from 500 to 1000. Thus to improve S further 
two stages of d.c. amplifier may be used. 

( ; >) connected to the output side of the stabilizer : 

Under this condition 

dE t ~ dE 0 +* 2 dE 0 . ...(7) 

But a 2 < < p A,, hence 

. dEi==pA 2 dE 0 . ...(8) 

Substituting equation (8) in equation (2), we ge 

Mi ft ^2 dE 0 + dE l 

0 Vi/^+#*,+i 


...( 8 ) 


dE 0 


or 


(S +/il+1 ) dEo-mWi dE 0 =dE 1 


oi 


dE x 

dE 0 






...f 9 ) 


As $A a >> 1 and ^ (1— p^ 2 ) > > l+jp> we have 

s=-^a 2 . h ...(10) 

In this case, the value of S is greater than previous case ; how- 
ever, the d.c. amplifier is more linear and gives more gain in pre- 
vious case. Hence there is no appreciable difference in results of 
two cases : 

(b) Varying load current : 

(i) R 2 connected to the input side of stabilizer : 

Now consider the case in which input voltage remains constant 
but there is a change in the output potential due to the change in 
load current i.e. stabilizer has internal resistance which produces 
output voltage drop with increase of load current. Thus the internal 

resistance of the stabilizer should be as small as possible. The 

internal resistance of the stabilizer can be derived in the following 
way : 


I and /xj (1 — M 2 ) 


...( 10 ) 
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We know that 


and 


In this case dE, 


dl n = 

i ^91 

: gml ^fl + „ 


r VI 

dE,i- 

~ e 91 — 

dE x — - dEo 

dE v ,- 

=e pl = 

dE,-dE Q 

=0, i. 


is very si 


all and hence — 

r n 


neglected as compared to g ml e tl . 

dlfi =: gr%\ Cgi=gm 1 {dE\ 

Now from equation (?). 

dEi=t S/t 2 dE 0 as dEi= 0. 

From equations (11) and (12), we get 

dl r i=gm i (P-^2 — 1) dE 0 

„ dE a 1 

Rq^ 0 


dEX 


...( 12 ) 


dig i gmi (P-^2 "1) 

As jS/ii >> 1 , the effective internal resistance of regulated 
power supply is given by 

> > ~< U > 

(ii) R 2 connected to the output side of the stabilizer : 

In this case dEi = ^A 2 dE Q +<i 2 dE Q 


• • 


or 


din 
dE 0 
dl 


j>i 


(^2"H a 2) dE 0 . 

gml iP ^2 + *2 — 1) dE. 

1 

=R» 


1 


gn»l (^2 + *a — 1) 

— as fiA 2 >> (®2 1). 


817. 


gml 

The value of S 0 may be as small as 0‘2 ohm. 

modified form of electronic 

STABILIZER : 

Figure 48 shows a typical 
arrangement i.e. modified form 
of simple electronic voltage sta- 
bilizer. In the circuit, the triode 
working as d.c. amplifier is 
changed by a pentode because 
a.c. resistance of a pentod** 

much higher than a ;_ e : 

High a.c. resista’T? ° r 

impedance * ^™ ble fo , r S ood 
regular 5 and . for utilizing 
f,,v gain capacity. Another 

modification is the use of 


VOLTAGE 



Fig. 48. Modified circuit of an 

electronic regulator. 


condenser C x . C, increases the fraction of output voltage applied 
between grid and cathode of tube T l% The condenser also helps in 
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reducing the ripple. For ideal regulation and ripple free output 
two or more stages of amplification are used. 

818. VOLTAGE DOUBLER : 

A circuit of voltage doubler is shown in fig. 49. 

The magnitude of 
direct output voltage ob- 
tained by using a voltage 
doubler is approximately 
twice the peak value of 
input a.c. voltage. These 
are often used in power 
supplies in which alter- 
nating voltage is directly 
applied to rectifier (with- 
out step up transformer). 

The two capacitors, C 1 and C 2 are connected in series across 
the output terminals. During one half cycle of input voltage, T 1 
conducts and charges C. to peak value of input a.c. voltage. On 
other half cycle T 2 conducts and charges C 2 to peak value of input 
a.c. voltage. C x and C 2 supply the load current in series, such that 
the output voltage (if we assume load to be absent) approximates 
twice the peak voltage of applied voltage. 

For voltage regulation the capacitors Ci and C 2 should bp 
large enough to maintain a constant voltage across the output 
during non-conducting intervals of the tubes which is possibly only 
when the energy stored by them during conduction interval is 
sufficiently large 

EXPERIMENT 

To design the power supply unit and to determine 

(0 Voltage regulation. 

00 Percentage of ripple. 



ig- 50. Circuit of a power supply unit wiih ~ secticn fil'er. 



Fig. 49. Cir cuit of voltage doubler. 
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Procedure : A simple power supply circuit using full wave 
rectifier with tt section filter is shown in fig. 3U. 

The choice of various circuit elements 

estimated from the relations deduced in previous articles. 

(i) Voltage Regulation : We know that percentage of regu- 
lation is 

Voltage at no lo ad— Voltage a t full load x 100 

== "Voltage at full load 

With different values 
of load, the effect on 
regulation can be shown. 

In the case of tt section 
filter, the shape of the 
curve called operational 
characteristic of power 
supply unit, drawn in 
output d.c. voltage at 
filter input and d.c. load 
current in milliamperes 
is shown in fig. 51 . 

It can also be seen, that 
if we use L section filter, 
then voltage regulation of 

tz section filter is poor in 
comparison to L section 
filter. 





Fig. 51. 


50 MO 
O C.tOAD 

Operational characteristic of 
power supply unit 


(z7) Percentage cf Ripple : In a t r section filter, ripple factor 
is a function of load resistance and varies inversely For the 
calculation of ripple voltage first cathode ray oscillograph is call- 
brated by giving different known a.c. voltages to one of the 
fleeting plates. A. calibration curve in deflection lengths and a.c. 

voltages applied is drawn. 
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% of rippled- vo j ta e e across out P ut xlOO. 

d.c. voltage across output 

A graph is plotted in percentage of ripple and d.c. load current 
figure **53* ° C ^ e P en< ^ ence r *PPl e on load resistance as shown in 



* * * c° *». 

^ig . 53. Variation of ripple percentage with 

increasing load current. 

If we use L section in place of n section, ripple voltage can be 
shown to be independent of load resistance. 

High Voltage Regulated Power Supply : For the design 
below S,eS> E c * rcu ** °* ^igh vo ^ ta 8 e regulated power supply is given 


300-Q. # 7otv 



Fig. 54 

NUMERICAL examples 

dfinir m ^ r fPPl e voltage having the shape shown in fig . 
4'ak to r eak value equal to £,. Find Its r.m.s. mine. 


55 has the 
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Fig. 55. 

The triangular wave is represented by 

e~A-\- Bt , 

where A and B are constants. The values of A and B can be ob- 
tained by applying the following boundary conditions : 

Er 


when r=0, e 


and 


when t—T,e 


2 

Er 

2 


i 


Applying these conditions 

Er , Er 

■T and ~T 


A 


Er 


+ BT 


or 


Hence 


Pr- 


m- 8 


or 


E r . 


rti'8 


B=- 



T (Er 


\ 2 



t. 


.1 


dt 



2. In a half wave rectifier using high vacuum diode the d.c . out- 
put voltage is 400 volts on open circuit when a 230V a.c. supply is 
connected across the primary of the transformer . Calculate 

(/) the ratio of the transformer. 

\ii) the peak inverse voltage , neglecting the valve resistance. 

Assuming the effective valve resistance r v =500Q, determine the 
voltage regulation with a specified full load d.c. current of 100 mA. 
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(/) E d . 0 . 


E 


m 


7 T 


400 volts 


E m = 400 x»r= 1256 volts. 

The R.M.S. value of secondary voltage 


Turn ratio n 


887 

230 


1256 

V2 


887 


3'86. 


07) Peak inverse voltage E m = 1,256 volts. 
Oil) Tube drop at full iload =I d . e . r P 

= 1 00 x 10“* x.500 
E d *. (at no load) =400 volts 
E d . e . (at load) =400 —50=350 volts 

voltage regulation =i 00 " 350 1 


50 volts 


350 


7 


%voltage regulation 


100 


14 



, , 3 ‘ ^ voltage 200 sin \00nt is applied to a half wave vacuum 

tube rectifier with filter. The diode resistance of yalve r d =l000 
ohms. The resistance load is 10 4 ohms. Calculate 

( a \ Maximum current flowing , ( b ) average value, ( c ) r.m.s. 
value, (a) a.c. power input, (e)) d.c. power output, If) ripple factor . 

(a) Maximum current I m - ^ 


(b) Average value I d . e .. 

(c) The r.m.s. value I r . 


I 


m 


r d +R 100+ 10 4 
18 8x 10 -s amperes. 

18-8xlO-» 


it 


3-1416 

/m 1818x10-* 


5-71 mA. 


m-j. — x 1. 

=9 09 mA. 

(' d ) The a c - P° wer input P m =(/ r ) 2 

=(9 09) 2 (1000+10 4 ).10-« 
=0 - 909 watt. 

00 The d.c. power output P d . e .=I d . e * R 

=(5-78) 2 xl0 4 xl0- 9 

= 0 334 watt. 

( f ) Ripple factor '/= vfe' - ) 

f J (Ar./2) a 


7 r 
2 


0 

2 


1 


Jil 

Ji( . 

V{(l-57) 2 -l} 
1 - 21 . 


1 
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4. In a full wave vacuum tube rectifier without filter, the load 
resistance is of 400 ohms. Each diode has idealized characteristics 
having slope corresponding to a resistance of 800 ohms, voltage 
applied to each diode is 240 sin 1 OOtt/- CaLulate 

(a) peak, average and r .m.s. values of current, 

(b) d c. power output and total power input, 

(c> rectifier efficiency, 

(i d ) form factor, 

(e) ripple factor . 


(a) Maximum value of current I m 


E 


m 


ft-\-R 


I 


240 


m 


800 + 4000 


50 x 10 ~ 3 amp 


50 mA. 


Average value of current It e 


m 


l 

7T/2 


50x2 


The r 


314 

31-84 mA. 

E 50 


(b) 


n.s. value of current / r m *.= 1-414 

=35 36 mA. 

The d.c. power output Pa,.=Ife 2 x R 

= (31-84) a x 1 0~* x 4000 

=4-056 watts. 

Total power input f\„ =(/»••»»•»•)* x (rtA-R) 

= (3536 x 10- 8 )2x (800+4000) 

= 6’001 Watts 


(<0 


p 

Rectifier efficiency m 

* in 


4 056 
6 001 


x lOO per cent=6759 per cent. 


( 1 d ) Form factor 


It- 




d‘C 


33-36 

31-48 


=111 


(e) Ripple factor 7 


Ifilrm-.y 

V l {If . -i' 


1 


= 0 48. 

5. A single phase full wave rectifier is 10 supply 100 mA. at 
300 V with a ripple that must be less than 10K. Specify the elements 
of the rectifier using a single L section filter that will provide the 
desired result. 

We require 100 mA at 300 V, i.e., 

It e- = 100 mA., 

Et ,. = 300 volts 
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Hence resistive load R 


330 x10 s 


We know that 


d*t 


100 


30000. 


y 


i 


Zy/lutLC 


as E r . 


Now LC 


1 


ov (2) 


LC= 


We also know that 


L 


R 


ripple 

Ed •©• 

- I° = I_ 

"300 30 

1 

6VV) 4 n 2 .py ' 

= 1 

6 y/2An 2 X 2500 X y 
30 

6V2x 40x2300 ‘ 


R 


m-s 


iof 


for/=50 c/s. 


.. (1) 


critical 


U 


L 


3oj 3 . 2 k . /’ 
R 

942*8 
3000 


(for the frequency =50 c/s.) 


942-8 

From the equation (1), 


318H. 


C 


30 


6\/2 X 40 x 2500 x L 
30 x 10® 


pF 


6\/2x 40x2500x3- 18 

= 11-26 /xF. 

Hence R= 30000, L=318H, and C=ll-26*xF. 

6 . (a) A full wave rectifier with inductor input filter is fed with 
50 c/s. supply. Calculate the ripple factor (i) single section (//) two 
identical sections if L and C of the filter are 10 H and 20 pF res- 
pectively. 

{b) Show that in a full wave rectfier with choke input filter the 
ripple fact or for a 50 c/s supply is given by an approximate expres- 
sion Y= 100/£C„ F %, where Lis in henrys and Cft is capacitance 

in pF. 

(a) (0 We know that in full-wave rectifier with inductor 

input filter, for a single section 

0-47 


y 


(4c o*LC - 1 ) 


0-47 


0-47 


{4(2-r50)*x 10 *20 x 10-®- 1} [79-1] 
= 00603 = 0-603%. 
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(ii) For two sections filter 7 


0-47 


(4 1 / 


0-47 


[79 — If 


( b ) We know that y 


00000773 

= 0 00773%. 
0-47 


when 4 oj 2 LC 


7 


(4u>*LC— 1) 

1 

±11. X 100-/ 

4a RLC /o 

047 X 100 


x 100% 


4x4Trx50x50xLxQ f x 10 _ * 
047 x 100 


0‘ 126 
373 0/ 

LC. p /o ‘ 

7. /I full wave vacuum rube rectifier has an inductance input 
filter with inductance L equal to 30 henry s and condenser C equal to 
10 micro farad. Calculate the ripple factor assuming that (/) the 
current flows through the cycle, (it) all harmonic terms except the 
second harmonic may be neglected, (Hi) reactance Xt of inductor is 
much greater than the impedance of the parallel combination of C and 
Rl, (iv) reactance of C is much smaller than Rl . The applied voltage 
frequency is 50 c/S. Calculate also the critical value of the inductance. 
Given that the load resistance is 8 kilo-ohms. 

The rectified voltage is given hy 

2 E m 4 E m 


0 


7T 

IE 


3n 


cos hot 


m 


a»c 


7 T 


The r.m.s. value of the current through the circuit is given by 

R.M.S. voltage value of second harmonic 
of supply frequency 






choke impedance of the circuit 


4_ Em 

3 tc’V t - 


V2 


d’O 


X L 3 X L 

The a.c. potential across the load or condenser is given by 

V2 




fl'C* 


X c 


3X l 


Ed e- X c . 


Hence ripple factor 

E ae .__V 2 


7 


V- 


1 


E d .e. 3 X L 3x2o ,L 2oiC 
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V2 1 

“3(415.50)* (30 x 10 x 10"*) 

=0 004. 

For critical value of inductance, the peak a.c. current equals 
the d.c. component of current so that 

E&.c- 42T m 2Ed- 0 - 

2 vRi. 2 uRl 3 Xj. 

or X L J^ 

Hence the critical inductance 


y 2 R l 2x8x10* 

^ 3x2o*“3x2x (2ix X 50) 


=8*5 Henrys. 


8. Design power supply using a u section filter to give d.c. 
output 250 V at 50 mA. with a ripple factor not to exceeding 
percent. 



Fi i . 5 6. 

w | a it E* '- 250 x 100 

We know that resistive load R*=-f = — TTi 

«=5x 10*£. 

. 3300x100 

^'Percentage npple factor ) = c c xLx 5 x HP 

66 


According to the question, 

66 _ 

LCxCn 

66 


LC x C t ' 


001 . 


LCi 


0*01, as in practice 


( 1 ) 


( 2 ) 
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To find L and C lt we shall have to substitute the value of 
either L or C v 


Suppose L=20tf and its ohmic resistance R t = 500f2. 

\ C x 2 x 20=6600. 

C 1 *= A IS a =330/t/, 

C x = 18'l=20fiF (say) 

Voltage drop in choke —h-c- xRl 


__50x500 
- 1000 ■ 



Rectifier output voltage before filtration 

= 250 + 25=275V. 


E d . c . = \/^Es — Pi 


c - (4/^ + ^)’ 


250=^2 E a 


50 


10 6 


+ 50o) 


“1000(4x60x20 

= V2£*-56-25, 
y/2E , =250 + 56-25 
= 306-25 

E S =216-5 = 200F (say). 

E s is the effective value of the voltage supplied between AC 
and CB. Thus transformer secondary should develop acrors it. 

Eac=200V and £bc~300F. 

Peak inverse voltage (P.I.V.) of a full wave rectifier 
=2x275 = 550F. 

J 400x50 

Wattage of transformer secondary =■ — ^ — 

=20 W. 

If transformer efficiency is assumed to be 80%, then tranfor- 

20 

mer primary wattage=^-g=25W. 

r 25x1000 
Primary current /p = — 220 * 

-=r1 14mA. 


9. Calculate the regulation and efficiency oj rectification of a 
diode (r d = 500^) used as half wave rectifier . The rated output 
current is 85 m.A., the transformer secondary voltage is 230 volts 
r.m.s. 

We know that 

iJd.C' — x R2 •••(!) 
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Id-O- 

E d . e . 


1 E 


n(E+r d ) 

0 

R. 


*..( 2 ) 


^d»9* • ••(3) 

Substituting equation ( 1 ) 
in equation (2), we have 

Em 


h>9 7 


or /, 


/ Eg. e 

i-e-Xnl ftL 


+ ^d 


+r<i ]=£! 





TzE d . e . -f nr d .I d . 9 , = £ m 
irE d . c .=E m —irr d J d . 0 . 

F d — Em— nig," rd E t 


Fig. 57. 


m 

7T 


' Id»Q* f d • 


...(4) 


This is the voltage output on full load. 

Em . , , 

^ s tie maximum voltage under no load condition which is 
tffliS.!? the input of the rectifier or the maximum voltage which 

the transformer secondary develops.. 

x \7 _ 1. 


Voltage regulation 


Ed e - (no tootp — E d . e . (f u i, load ) 


Ed-e- (no load) 


Ed-e - (full toad") 

Em y/2E r . m . t . 

n iz 


xioo. 


where 


Er-m-t — r.m.s. value of input voltage=230V, 


Ed,*. 


<*•*• (no load ) 


V2E r 


m e- 


n 


1-414x230 

3-142 


107 volts. 


E, 


Ed-e- ( fuu load)—*— — I d -e- f d 


107 


85x500 

1000 


107-64-5=64 5 V. 


Regulation = ( - 07 64 5 

V 64-5 

Rectification efficiency 

- 40 6 •/.=- 



100=65-8%. 


♦ 


40-6 


40-6 


*+'*) 


1 + 


^d*c* 7 d 

/(!••• R 


1 + 


Id • c m d 

Ed' 9* 
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40 6 [— r d \ 

40-6 

L ^ J 


1 + 




E 


m 
7C 


Id • c* f 'd 


m 

7 r 


/i.fl. r<j 


40-6 | ——h 

71 


. r d | 


40 


£ 


_m 

tr 



i 


£m ” / 


40 



1 


42 , 5x3'14\ . r 
. since £m- V 2£r- 


m*s* 


1414x230 
— 40-6 (1 — 0 , 41)=40’6 xO’59 
=23 954 percent. 

in nltpmatine. voltage applied to a hot cathode gas diode 

m Ze f%t ™Znomi is m si n (2*.i0.,.). The resistance 

iLfntheZhode circuit is 4000 The constant voltage drop 

across each diode during conduction is 1 0 volts. 

Calculate \ 

(a) maximum value of the current, 
d.c. currents, 
d.c. power output, 

rectifier efficiency. 

Maximum value of the current I m . 

E m - Eo 400-10 390 

It 


( 6 ) 

(c) 

(d) 
(a) 


0 


R 


4000 


97 5 mA. 


(6) The d.c. current /j.*.— 2 


4000 

E m ( - Eq_ 

ffR\ 2 Em 
400 



l--. 


3-14x10 


2x400 



x096 


00 


(d) 


The d.c. power output 

W X * = (61 ) 2 X 10- X 4000 watts 

=2 684 watts. , 

The rectifier efficiency 

i ,= 8 i -2 ^ 1 - 1-87 §^%= 8 ' 12 10 


87 X 


400 


404 


81*2 f l 


1 '87 

40 

81-2 x 0-95^ 
77-4%. 
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age - ource has inte^nl™ ? oltage stabilizer of fig. 47, the d.c. volt- 
amplification factor 5 series control tube J, has 

The gm'nofdZZmnlit- 1 ^ r - Pl The load resistance is \W0Q. 

reversal. Dynamical Z/ZJ* - 40 ’ mmu f si S n indicates the phase 
kilo ohms Resi\tnn^ P Z 6 r V‘ lstance °f d.c. amplifier tube is 300 

ohms respealTh Cni* 2 ; f 3 T d R * are 300 > 200 and 20 kilo ‘ 
internal resistance nf slab,ll7ation ratio and the effective 

Mobilized ZZutvZlZ 6 Z a Z l Z er - Aho calculate fhe variati » n in 

and no load innut ri o Y t l€ ° ad current is increased by 200 mA. 

P ■ . voltage to the stabilizer is increased by 10 volts. 

The stabilization ratio is given by 


S 


where 


0 


*4 



7 . 


x*+r 4 


Pi 


^^2)4 - 1 4 -r 
(t 4 l a 2+ I ) 

200 x 1 0 s 


200 x 10 3 + 200x 10 s 
300 x 10 3 


0 5 


0’5 


r Pt +R 300 x I0 3 -f 300x 10 s 

40 and ^ = 5 

5 0 +0'5 x 4Qt-f-l +500/10 00 

Pff • • 7 ^ x0 ‘ 5 + l) ” 

ective internal impedance of the stabilizer is given by 

D 1 


S 


30-4 



i/iOO (14-0-5x40) 

= 3-2+4'7=7'9 ohms. 

Change in output voltage is given by 

dEi 

S 

10 


dE 0 


di x Rf 


3074 - 0 - 2 x 7-9=0-32- 1-58= -1-26 volt. 


The output voltage is thus decreased by 1 -26 volts. 



at f* 0 ° nft or tUs> sucn inai ine conduction siut 

following m 'Jill'™ °f "> c h cycle. Calculate the readings of the 
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(0 a.c. ammeter in seies with the load, 

(ii) an a.c. voltmeter across the tube , 

{ill) a wattmeter connected to read the total power in the plate 
circuit. Assume that the tube drop is 15 volts during con- 
duction period. 

According to the given problem 

£^=230^2 = 326 V and E 0 = 5V 

Since E m there will be very little error if conduc- 

tion is assumed to con'inue upto the end of each positive half cycle. 

The instantaneous plate current during conduction is 


230-^2 sin tor - 1 5 

400 



=0-8125 sin cot— 0 0375. 

The a.c. ammeter will read the r.m.s. value of current which is 


dr m-s • 


f 1 ft” 

d (0 ' 

L * i7T f J "7n 


8125 sin «r— 0 0375) 2 d(oJt) 



172 


n 


1 


2“ J ns 


(0 660 s i n 2 <jti /* — 0*061 sin oi* + 0*00141) d(<ut) 


in 



134 - 0 0146+0*0005 


1/2 


= 0 35 amps. 

If voltage drop is negligible, then 

^ (0 8125 sin ujtf d(oit) 

= {0' 1 33} J / 2 = 0*364 amps. 

The a.c. voltmeter will read the r.m.s. value of voltage which 
is given by 

(2W2 Sin Wt)2d{0,t ' + iln 05)2 d(Wt) 

r 2 * ni/2 

+ j (200\/2 sin c ot) d(cut) |J 

Solving it we have 

£ r .m.*-= 178 volt 
The instantaneous power = e s i* 



1 


^-f e* h (d(ojt) 

*njm3 
1 


n 


27 T 1 n / 3 

50 5 watts. 


(230i/ 2 sin cut) (0*81 sin out— 0*0375) d(mlf 
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13. In a thyratron circuit the plate supply voltage has a peak 
value of 600 volts. Constant voltage drop in the tube during conduc- 
tion is 12 volts. Load resistance is 5,000£. The critical grid voltage 
curve is then such that for grid bias of — 2 and —3 volts, the angle 
of initiation of current is 10 and 20 degrees. Calculate the average 
value of load current under these bias conditions. As angle is 

increased, find the value of 0 X which gives maximum value of average 
plate current. 

Instantaneous plate current i b is given by 

. E m sin a>t—Ea 600 sin cut — 12 

lb ~ R l = 500 ’ 

and average load current is given by 

1 


l. 


2 . 


3. 


4 . 


■n-t 


I 


<?• 


2tt \o 


? 


h d(ait) 


d 


'a — sin 


-i 



e, 


i. 


10 

E 



E m 

or 20 degree 


1*15 


m 


d • C 


2 itR 
E m 


in 


sin 


2j tRl 

(0 When 0j = 1 0 degrees 

600 


COS 0j + cos 0 2 



/ 


d’C • 




2tt x 5000 

Solving we have 

/i. e .=*0 0038 amps. 
When 0 2 = 20 degrees 

r _ 600 


9S48 + 0 9 98 


600\ 


7T 


ll-5»r 

180 



(fO 


l 


d*c 


IS 




2t t x 5000 

=0*0368 amps, 
aximutn when 6 X -- 

600 


0-9097+0*9998 



0 


mam 


1+0-9998 


12 


600 



rectifier. Explain 


27T x 5000 
=0*037 amps. 

EXERCISES AND PROBLEMS 

Draw the circuit diagram of a halfwave vacuum tube 
the operation of the rectifier. 

Derive expressions for rectification efficiency, ripple factor and voltage 
regulation of a half wave vacuum tube rectifier with resistive load. 

Draw the circuit diagram of a full wave vacuum tube rectifier using a 
power transformer with centre tapped secondary for use of a radio recti- 
fier and give waveforms of current and output-voltage. 

Derive expression for d.c. or average value of current, R.M.S. value o 
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6 . 


7. 


8 . 


9. 


10 . 


11 . 


12 . 


13. 


14 


15. 


16. 


17 . 


current and average voltage across the load for a full wave vacuum recti- 
fier with resistive load. 

Derive an approx imate expression for a ripple factor in a full wave 
vacuum tube rectifier with resistive load. 

Show that a full-wave rectifier is twice as efficient as a half wave rectifiei . 
Calculate the ripple factor of single phase full wave rectifier. 

What is the necessity of having filter in power supply ? Obtain the ripple 
factor of a full wave rectifier with shunt capacitor f ilter. 

Derive an expression for the ripple factor in a full wave vacuum tube 
rectifier using inductance inpu filter. 

Derive an expression for the output voltage in a full wave vacuum tube 
rectifier using capacitor input filter. 

Explain the working of half wave and full wave volta e doublers and 
discuss their relative merits and demerits. . 

Draw a circuit of an electronic regulator and derive an expression for 
its regulation sensitivity. 

Differentiate between half and full wave rectification. State w here half 
wave rectification may be used and the purposes for which it is not well 
adopted . 

In a full wave rectifier, the most negative point in the circuit is 
(a) the centre tap on the high voltage secondary, (b) chassis ground, 

tc) either cathode, (d) either plate. [Ans. : (a)] 

What is the frequency of the ripple voltage at the output of a full wave 
rectifier operating from a 50 cycle supply ? 

(a) 50 cycles, (b) 100 cycles, (c) 150 cycles, (d) 200 cycles. 

Select the correct advantage of a full wave rectifier over 
rectifier 

(a) the output voltare is lower with more ripple, 

(b) the tube will conduct during both halves, 

(c) ripple frequency is lower. 

(d) each diode can cool off during half of each input cycle. 

In comparison with an RC power supply filter, a filter with a choke 
provides 

(a) less filtering action and larger d.c. voltage drop, 

(b) more filtering action and smaller d.c. voltage drop, 

(c) more filtering action and larger d.c. voltage drop, • 

(d) less filtering action and smaller d.c. voltage drop. 

One advantage of using a choke input L.C. filter for a power supply |j 
that the 

(a) circuit has a good voltage regulation. 

(b) d.c. output voltage of the filter is higher, 

(c) a.c. input voltage is increased, 

(d; direct load current is increased. ^ Ans . ^ 


[Ans. : (b)] 
a half wave 


[Ans : (b)] 


[Ans. : (b)] 


BASIC AMPLIFIER PRINCIPLES 



? 1 °f t * ra P ortan t functions of electronic circuitry is 

siSc fi? J n fa <*’ were Jt not »>r this property, many other 

oscillatnrc t lt **H? ctlorl . would not be possible. For example, 
othpr % P ro< * uce Sl ue waves, square waves, pulse, or any 
anvniifi u[ e d waveshapes, would not be possible except for the 
amplification properties of the circuit components. 

flC device hy means of which amplification is affected is known 

rrPQcA'u °f an am P*ih er uiay be defined as a device that in- 

sin voIta * e ’ curreot or power of ^n input signal with the 

vacuimi tubes or transistors by furnishing the additional 
power from a separate power source. 


In the study of characteristics of vacuum tubes, (triode, tetrode 
and pentode), we have seen that the plate current depends upon 
the voltage of the control grid provided all the other voltages are 
kept constant. Any variation in the grid voltage produces corres- 
ponding change in the plate current. When a load resistance is 
connected in the plate circuit, the plate current variation will pro- 
duce a corresponding vaiiation of voltage across the load. Consider 
the case of a sinusoidal voltage, applied between the grid and 
cathode, then the sinusoidal voltage, changed in phase, will appear 
across the load* This output voltage is much greater than the input 
voltage. Thus the circuit gives the voltage amplification. 

9*1. SYMBOLS FOR VOLTAGES AND CURRENTS : 

(a) When no signal is applied, then the voltage and current 
are indicated by capital letters E and / respectively. In this case 
subscript b and c are used for plate and grid respectively. Thus 

E hy E 0 - represent no-signal plate and grid voltages respectively. 

/&, I c — represent no-signal plate and grid currents respectivejv. 

(b) (i) Instantaneous values of varying voltage and current are 
represented by small letters e and i respectively. Subscripts g and 
p are used for grid and plate respectively. Thus 

009 ep — represent instantaneous values of varying components 

of grid and plate voltages respectively. 

if ip — represent instantaneous values of varying components 

of grid and plate currents respectively. 
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(«") Instantaneous total values are represented by letters e and 
/ but they are followed by subscripts b and c for plate and grid 
respectively. Thus 

e b , c e — represent instan f aneous total values of plate and grid 
voltages respectively. 

h, ie — represent instantaneous total values of plate and grid 
currents respectively. 

(a) no signal component or d.c. component and, 

( b ) instantaneous value of time varying component. 

9 2. BASIC VOLTAGE AMPLIFIER : 

The basic circuit of a vacuum tube amplifier using a triode is 
shovn in figure 1. The figure also shows the symbols for different 
electrode voltages and currents. 



Fig. 1. Basic vacuum tube amplifier. 

In the basic circuit of vacuum tube amplifier, the grid of the 
triode is always kept negative with respect to cathode by means of 
grid bias voltage E cc . The voltage e g to be amplified is connected 
at terminals 7\ and T 2 in series with E cc . i he voltage e g is called 
signal voltage and in general is periodic. On the plate side, a 
d.c voltage E bb is applied bet ween plate and cathode through a 
load impedance. The voltage E bb is called plate supply voltage 
and its positive terminal is connected to the plate. The load impe- 
dance may be a pare resistance, a compl ex impedance or a tuned 
circuit. 

Now the question is : Why is the bias battery necessary in the 
grid circuit ? To explain this, let for a moment, it be not there and 
a.c. signal voltage e g is applied alone to the grid. The grid will be 
alternately positive and negative inaccordance with the applied 
signal. Whenever input si >nal goes positive, a grid current will 
flow out from the g id, which not only disiorts the linearity of the 
tuoe characteristic and thus leading to distorted amplification, but 



410 


Hand Book of Electronics 


also requires a certain amount of power, which is extracted from 
the input signal. This is an undesirable result. Hence the bias 
voltage of sufficient magnitude and of such a polarity as to main- 
tain the grid negative or at zero voltage is applied. This is the 
function of grid bias in the grid circuit. 

Now we shall see that what happens in the plate circuit when 
the grid to cathode voltage goes through one cycle of its operation. 
When the neater voltage is applied to the heater, the plate current 
will flow and will continue to flow as long as the a.c. signal voltage 
is not sufficiently large to drive the tube to plate current cut-off. 
Hence the plate supply voltage E bb is so chosen that even for the most 
negative value of grid voltage the tube does not reach plate current 
cut off This is the necessary condition for all voltage amplifiers 
to obtain linear distortionless amplification. 

In the absence of signal voltage (e„=0), the grid voltage is 
constant at value E ee Now a constant plate current h flows in 
the plate circuit. Due to this plate current a voltage drop I b Zi is 
produced across the load impedance, i.e., voltage drop depends 
upon the plate current which, in turn, is controlled by grid voltage. 
On the amplification of signal voltage, plate current varies in- 
accorda^ce with the variations in signal voltage. The a.c. compo- 
nent of plate current flowing through load impedance develops the 
amplified output voltage. 

9 3. VACUUM TUBE AMPLIFIER AS A LINEAR DEVICE : 

In the description of a vacuum tube amplifier, it is assumed 
that the a c. component of the plate current is proportional to the 
input signal voltage. This shows that the amplified output voltage 
is proportional to the input signal. If the signal amplitude is 
doubled or tripled, the amplitude of output also gets doubled or 
tripled respectively. Thus we can say that the vacuum tube 
amplifier is a linear device. This is only possible provided the 
charateristic curves of the tube are linear. As there exists consi- 
derable non-linearity in the tube characteristics, hence such a 

condition is not satisfied by any tube. When the grid signal, a.c. 
plate current and plate voltage are small in amplitude with corres- 
ponding d c. quantities the characteristic curves may be treated 
almost linear. Then the vacuum tube amplifier may be treated as 

a linear device. 

9-4. ZERO SIGNAL OR QUIESCENT OPERATION OF 

VACUUM TUBE AMPLIFIER : 

When no input signal is applied, the operation is said to be 
quiescent. Figure (2) shows the circuit arrangement of a vacuum 
triode under such conditio •. In this case, there is only grid bias 
voltage E cc in the grid circuit and plate current and plate voltage 
have d c. components. Because no signal is applied e e =Ec — Ee- 
The supply voltage E bb and grid bias voltage E ce are so adjusted 
that there is some plate current i b — I b flowing in the plate circuit. 
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The value of the plate current can easily be determined by 

graphical method using the static characteristics of the tube 

To analyse the operation 
under zero signal condition, 
we apply Kirchoff’s voltage 
law to the plate circuit, and 
get 

Ebb &b 

or * rT ..•(!) 

In equation (1), there are two 
unknown quantities e b and /&. 

Therefore, this equation is 
insufficient to determine the 
plate current i b and the plate 

voltage e b * 
required. 


rw 



Ecc ^^b 

Fig. 2. Circuit diagram of a vacuum 
triode under zero signal operation. 

Another equation which relates these two quantities is 
Since the plate current is the function of the plate vol- 
tage and grid voltage, the plate characteristic of the tube may be 
represented by the following relation : 

/&=/ (&C1 e b) Z=Z f (EcOy £&)• 
r romequations (1) and (2), we have 

r ( v o \ — ~ hb ~~ €b 
J (Ecc> €b) — 


...( 2 ) 


Rl 


-.(3) 

e b that satisfy 
of h with res- 


it is now required to find the values of i b and 
the equation (3). Since the nature of the variation 
pect to e b is not definitely specified by equation (2), the solution ot 
simultaneous equations (I) and (2) is not possible. Therefore a 

graphical solution may be obtained by drawing the curves of these 

i A 1 fi/GHT MW &Q£ 

l b\ k e 9/V 

At 



A V/i/i. W# 

/ ( SWT/C I 
f n CHARACT&VSTIC) 


Fig. 3. Zero signal operation of a triode valve with resistive load. 
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equations and finding the point of intersection. This is shown in 
figure (3;. The curve corresponding to equation (1) is a straight 
fine which cuts the current and voltage axes at points M and N 
The coordinates of these points may be obtained by putting e 6 =0 

l \ =0 m et l uation 0)- The coordinates are (0, E l JR l ) and 
( bb> 0) respectively. The straight line MN is known as load line 

and the reciprocal of the slope of this line equals the Jotp resis- 
tance Ri_. The point Q where the load line for R L and the chara- 
tenstic for e e =E ce intersect is known as the quiescent point or the 
operating point. The ordinate of this point Q gives the zero signal 
plate current I b for grid bias E ce , plate supply voltage E bb and load 
res stance R L . The abscissa of the point Q gives the zero signal 
p ate voltage E b . The zero signal plate voltage E b differs from the 
plate supply voltage E bb because of voltage drop in the load 

p S f id supply voltage E co is changed to a new value (say 

cc — O), then the operating point moves along the resistance line 
to the new position at the intersection of the load line and the 
corresponding new plate characteristic as is shown by O,. If the 
oad resistance R L is changed to some value R L ', the load line will 
still pass through the point N but gets tilted up or down as to 
intersect the current axis at point E bb /R L '. 

9 5 ' OF VACUUM TUBE AMPLIFIER WITH 

SMALL a.c. GRID SIGNAL : 

. The basic circuit of a vacuum tube rectifier with small a.c. 

J r ‘ s ’ gna .J 1S * n figure (1). This circuit is different from the 

' j ' ° , gure (2) as a voltage to be amplified, e.g. known as 

s ’ gna vo tag ^ 1S a PPlied at the input in series with E cc - The 
, ‘ ges L bb > an .fi Ecc and the load resistance Zr—R L are so chosen 

tpSUnf T ra ! ,ag point ,ies over the linear region of the charac- 
, 1 m Phfi e d output voltage appears across the load resis- 
ts a ' of this article is to study the relation between 

the amplified voltage and grid signal voltage by graphical means. 

The instantaneous grid signal voltage e 0 may be expressed as 

E grn sin oit , ...(1) 

where w is th e a ng Ular f reqJe ncy. u> = 2nf, where/is signal fre- 
q ncy in ertz E gm is the amplitude of grid signal. 

^ r ' d . to cat hode voltage e c consists of two parts : 

SiSsr^ssL.^? TOi,afe 


of instantaneous value e g , i. e . 

L h ndfn e d in?r?m P V n 0 t ltage is ,has an increment in e 0 . It causes corres- 
ponaing increments in tntoi «%i , • _ . j (?h 


...( 2 ) 


nnnrlin o Y • ilU!> an increment in e c . n „ 

deno ed bv ! T m t0tal plate current and P late v0,tage Jl 

pfate current i ? * v , respectivel y. Thus the total instantaneous 

piaic current eana k tu , , . . x incfw- 


r>latf> -lirrent ,• » respectively. mus me loxai . 

mental or a.c. pla^currem ” 0 S -' 8na - ^ CUrrent 4 P ’ US ^ * 

i b =h+i' V ’ i e " 



413 


Basic Amplifier Principles 

Similarly, total instantaneous plate voltage e b is the sum of two 

parts : (/) zero signal plate voltage E b , and (//) incremental or a.c. 
' plate voltage e P i.e. 

' e b —E b -\-e P . .. (4) 

The graphical construction of the variation of plate current and 
plate voltage due to the application of grid signal is shown in 



6 ^ .r'l E&m sin u>t 




Fig- 4. Operation of the amplifier with sinusoidal grid signal. 

figure (4). Hence it is assumed that 
the plate characteristics for 
different grid voltages are equally 
spaced for equal increments in 
the region cut by the load line. 

Under zero grid signal, Q is the 
point of operation and steady 
state grid bias E e — E ce . The 
points a, b , c, d and e of the out- 
put current and points a’, b ' , c', 
d' and e' of the output voltage 
waveform correspond respecti- 
vely to the points A, B, C, D and 
E of the input grid signal wave- 
form. At the positive peak value 

of the grid signal, the grid vol- 
tage 

Cc — E c \ =-Eoc -f- Eq 

and the operating point shifts to 
Q i* The total plate current now 
becomes large while at the same 

time the plate voltage becomes Fig. 5. Waveform of a c grid 

tTlM.r • neg * t,V 1 e P eak signal, a.c. plate current 

value of the grid signal, the grid and a.c. plate voltage 
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voltage e c —E ei =Ecc—E gm and the operating point shifts to Q v 
The total plate current now becomes smaller while at the same 
time the plate voltage becomes larger. It is clear from the figure 
that plate current cycle is in phase with the grid voltage cycle where 
as the plate voltage cycle is 180 degrees out of phase. Hence 

ip— Ifn sin oit .. (5) 

and e v —E vm sin (cor 1 80) = — Epn sin at ...(6) 

This shows that whenever the a.c. grid voltage increases, the plate 
current inci eases but the plate voltage decreases. Figure (5) shows 
the grid input waveshape and corresponding plate current and 
plate voltage waveshapes. 

The a.c. current and voltages enable us to determine the am- 
plification property of the amplifier. 

9-6. DYNAMIC CHARACTERISTIC : 

In figure (4), we have seen that the load line cuts the plate 
characteristics in point corresponding to different values of £*• 
These points are marked Q lt Q and Q % . The coordinates of these 
points give us the value of plate current t\ corresponding to diffe- 
rent values of the grid voltage with a load resistance R L . If we plot 
these values of the plate current against the corresponding values 
of grid voltage, the curve so obtained is called a dynamic charac- 
teristic of the tube circuit as shown in figure (6). The difference 
between static characteristic and dynamic characteristic is that 
static characteristic concerns with the tube alone while dynamic 
characteristic concerns with tube as well as associated circuit. For 
small values of plate current, the static characteristics show mark- 
ed non-linearity while dynamic characteristic may be linear if along 
the load line the plate characteristics are equidistant for equa 
increment of grid voltage. The dynamic characteristic enables us to 
obtain directly the output current for a given input signal. 



Fig. 6. Dynamic characteristics. 
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97. 


T?Vrl^ LENT CIRCUIT REPRESENTATION FOR 

TRIODE AMPLIFIER : 


In man y electron tube problems, we generally require values 
instanta C * P ate Cl * rrcnt )’ e v ( a - c ' pl ate voltage) for a given e g (the 

stantaneous gnd voltage). From the static characteristic of the 
uoe, such an information can be obtained with sufficient accuracy 
ir me potential variations are not small. But when the potential 
anations are small, the information, thus obtained, is not accu- 
raie tor small signal variations (as in most amplifier performance) 
me tube graphical characteristics can be taken as linear and in 
such linear regions one can assume the values of tube parameters 
and g m to be almost constant. 

Voltage source representation : Since the anode current is a 

function of and e b the instantaneous grid and plate potentials 
we can write 

ib=f(e e , e b ) 


or 


di b - : 


di b 


■ de 4 -\--rf-.de b 


ce e - de b 

For practical cases, change in i b should be finite and let it be 
represented by A. Therefore, 


Ai 




ce c 


.Ae, 


For the constancy of /*, r v and g m , it is essential that 4 changes 

be confined to linear region of the graphical tube characteristics 
and then we can put 


di, 

de 


grn and 


dL 1 


de, 


V 


1 


4i b =g m .4e c -\ — .de b . 

/ p 


Now the components of e b , e c and i b which vary are e n (a.c. 
out put) e ff and i P . So 


Aii 


* 

i 


Vi 


l 


V 


Ae e = 
, 1 

gm~\~' -Cq 

'v 


and Ae b =e 


o 


or 


by an 
to the 


^e B i p r j) — e 0 

This equation suggests that the triode can be replaced 

equivalent voltage generator ne g with positive terminal 

cathode plus as internal resistance r ^ The equivalent circuit is 
shown in fig. (7). 

When the grid voltage is sinusoidal, the effective or r. m s 
value of the voltage and current may be used in place of the i nstan- 
taneous values of the same. Using r.m.s. values 

/*Ey-F Ip" ,=L (> 
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Fig. 7. 



plifier tube as a constant voltage generator. 


The same equation can be obtained if a mesh [fig. 8] be cons- 
tructed for current l p . It, therefore, suggests that triode can be 
replaced by an equivalent voltage generator jxE* with positive ter- 
minal to cathode plus an internal resistance r p [fig. 9 (fir)]. The 
same representation is depicted in fig. 9 {b . 



Fig. 8. Mesh Construction. 




Fig. 9. (6) Equivalent circuit representation* 

An alternative approach to this equivalent circuit is to replace 
the triode by a generator developing a voltage — /*E o acting inside 
the tube from cathode toward the plate and «nternal resistance r* 
shown in fig. 9 (c) and fig 9 (d) % 
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Fig. 9. (c) Equivalent circuit representation. 

The latter representation very well accounts for the phase 
change of 180 degrees between the grid and anode potentials. 



Fig. 9. {d) -Equivalent circuit representation. 


Thus for a region of graphical tube characteristic in which /x, 
r, and g m are constant, vacuum triode can be replaced with an 
equivalent voltage source circuit. 


Current source representation : The equation 

--/xE»-f-I p r j) = E 0 

can be put in the form 

E. 


.E 0 =I 


— Ip 


r v 

E„ 


The equation, obviously, cor- 
responds to a circuit shown in 
fig. (II) in which a current sou- 
rce g m E, supplies two branches 
with current value of I P and — E Jr f . 

The tube is, thus, taken to be equivalent to a current source 
of value g m E e , in parallel with a resistor r p Direction of current 
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&» £ 3 


r p 


7 fi\ 


era 


r p 


_Q 

Fig. 11. Current source equivalent circuit 

& s Thii 

Rules to draw the equivalent circuit : 

tube drcuft er ti° r r ?i W thC ,ineai ; a c - e q u *valent circuit of a vacuum 
oe circuit, the following simple rules should be followed : 

ihJd Ji' act " al c ' rc V>< Vagram of the vacuum tube circuit 

f T "eatly indicating the point G, P and K corres- 
ponding to grid, plate and cathode. 

and l^iV h ? St , art ° f J drawin 8 the a c. equivalent circuit, G , P 
gram be * ocaled Wl *h relative positions of original dia- 


«TmnM k A V ° lta , ge generator with potential nE g and resistance r v 
va?nJ ^K ,nSerted between P and K ‘ Here E » denotes the r.m.s 

value of the a.c. grid cathode voltage of fhe tube. 

cl, (?> c ‘ rcu it elements except tube and d.c. sources 

ould be transferred from the actual circuit to the equivalent 
lrcuit. It should be remembered that the relative positions of the 
ransferred elements should not be changed, 

(r) All d.c. sources should be replaced by their internal 
resistances, if any. 

9 8. VOLTAGE GAIN OF A SINGLE STAGE UNTUNED 

LINEAR A, AMPLIFIER : 

Figs. 12 (a) and ( b ) show the basic circuit and its equivalent 
a.c. circuit of single stage untuned linear A 2 amplifier using load 
impedance Z L which, in general, is complex. 


* 



• («) Basic crrcuit of a single Fig. 12. ( b ) A.C. equivalent circuit, 
stage untuned class A k 

amplifier. 
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If the grid signal voltage e g is a small sinusoidal alternating 
voltage, then it can be expressed as 

e t = V2 Eg.sin a>t, ...(1) 

where e 3 is the instantaneous value and E g is the r.m.s. or effective 
value of the sinusoidal signal voltage of angular frequency o>. If 
the load impedance is linear and passive, it can be given as 

Zj.~Ri+jXi.=ZL ...( 2 ) 

When the varying component of grid voltage is sinusoidal, the 
variations e v and /„ are also sinusoidal and of the same frequency 
as e g . In this case, instead of using the instantaneous values such 
as e 9 , e v , ep. i P etc. we may use the corresponding effective or 
r.m.s. complex values E c , E p , E t, I„ etc. The equivalent circuit for 
complex quantities is shown in fig 12 ( b ). Using this circuit, we 
can calculate the voltage gain of the amplifier. 

The effective value of plate current is given by 

1 — 

+ ...(3) 

where (r p + Zt) is the total impedance in the plate circuit. 

This current flowing through the impedence load Z l produces 
the output voltage E„, given by 

Eo — I? Zi. •••(4) 

Substituting the value of I, from equation (3) in equation (4), 
we have 


p ^Ep 7 r Zz 

E °“ r,+ Z l Zl ~ fiE, r ,+ Zt ...(5) 

The complex voltage gain of the amplifier is defined as the 
ratio of complex output voltage to the complex input voltage, i.e ., 

» Eo Z L 

A ==r=—p. — r-=-. 

The complex voltage gain may be put as 

A=/i ...(7) 

where A is the magnitude of the complex voltage gain A and a is 
the phase angle of the complex voltage gain. From equation (5), it 
is clear that « has two components: (r) 180° phase difference due too 
negative sign and ( ii ) additional phase due to the complex nature 
of load impedance Zt- 

Now we shall consider three types of load impedance Z it 

Case (1). Z is a complex inductive impedance : 

Figure (13) shows a c. equivalent circuit in this case. 

Considering E 0 as reference vector and positive angles mea- 
sured counterclockwise, the following phase relationship exist : 


phase angle of load, 6 = tan 


-i Kl 

Pl 


tan 


_j 0) L 


...( 8 ) 
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TUBE 
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* 


n 
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I, 


'P 


)T- 
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I 


'*L 


*l\ 


Fig. 13. A.C. equivalent circuit of a single stage amplifier using complex 

inductive load. 

phase angle of plate current, ^ — tan- 1 — — — . ...(9) 

• r>u 

voltage *^ ase an 8^ e a by which load voltage \^Lt leads the grid 

= tan-> --tan 1 ...(10) 

Rl r v 

Now phase angle a by which plate voltage leads the grid vol- 
tage is given by 

a = 18 O°+ 0 -f <f> 

= 180°-}- tan -1 #-tan-* ...(H) 

Considering equations (8), (9), (10) and (11), we can draw the 
phasor diagram for a single amplifier using inductive load. This 
diagram is shown in figure (14). 



Fig. 24. Vector or phasor diagram for sinusoidal alternating components 

in single stage amplifier using inductive load. 

We observe the following points : 

(0 The a.c. plate current I, lags behind the dividing voltage 
and the phase angle is <f>. 
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(ii) The voltage drop I P (r 3 ,+i? £ .') across the series resistance 
(rp-f-/?x.) is in phase with I P . The voltage drop ( _/I p V/,) across 
inductance L leads !„ by 90°. The sum of the two components, i.e., 
Ip ( r j> + <Ki.) and j\ v Xi is equal to the total driving voltage /zE„. 

(///) The voltage drop IpRz, and j l p X L added vectorially 
constitute the voltage drop \jZl which leads the current I„ by an 
angle f), The phase angle of this voltage with respect to E„ is 

(0 + <£). 

(tv) The output voltage is opposite to 1 P Z L and its phase 
with respect to E, is a. 

Now we consider the voltage gain for this case. 

As Z L =R L +jXi=Rc\-j<^E, the complex a.c. plate current is 
given by 


I„=- 


fx E 


v r p -fK L -\-jioL ' 

The magnitude of the current is given by 


/, 


uE , 


Now output voltage E p is given by 

Ep=E„ = — I P Zi 

= —[J-Eg RL+ J WL 


The 


(r p +Ri)+juE 

agnitude of the voltage is given by 

F V(Ri 2 +cq 2 L*) 
E 0 -nL a V[(rp+K ^ +U) ^ i • 


E 

.*. Complex voltage gain A = 


/?/.-(- jto T . 


^ </pi~ JuL 

The magnitude of complex voltage gain is given by 

VW+"**- 2 ) 

‘‘VHrp+Rif+wy 


i 


Case (II), Rz. is pure resistance : 

In this case Z t=Rz.+yd, 

0 . . Rh ___ 

and A- R rp+ R L 1 +r P IR L ’ 


...( 12 ) 


...(13) 


...(14) 


...(15) 

...(16) 


••(17) 


...(18) 


. . \ / 

The phase angle of output voltage i.e., of the voltage gain is 
180°. This shows that if all the reactive components are excluded 
from the amplifier circuit, the phase shift produced by one stage is 
always 180° irrespective of frequency. 

Case (III). Z L is pure inductance : 

In this case Z,i=0+ju>L. 

The complex a.c. component of plane current I r is given by 

uE„ 

llp= r^+]toL ■ < IS > 
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The magnitude of this current is given by 

/ * E ° 

P y/ (r P * wi- L?) 

The output voltage E 0 is given by 

E,-=— . — — — >/■■. r — ti&o 


l*z t 


t~ - r x j^ L = , , 

r P -\-jtoL 1 + r P / jioL 


Its magnitude is given by 
Voltage gain 


H-E a 

V{1 +(r,/coL)*} 

- U.. t*Eg 


270° -tan 


-l 


a)L 


...(20) 


V{I -Y (r p! u> L) 2 } 


A 


HJ'cdL 


r p + ju>L \^(1 -\-{r p /a>L) 2 } 


270 


tan" 1 — . ...(21) 


Thus 


and 


^ v(i+(^wr 

270° -tan' 1 — = - 

r P 


90°— tan 


-i 


c oL 


...( 22 ) 

...(23) 


Figure (15) shows the 
manner in which the voltage 
amplification vary with Z L /r p 
for pure resistance, pure in- 
ductance and complex induc- 
tive load. It is clear from the 
figure that for the same value 
of Z L lr Py pure inductive load 
produces greater voltage gain. 
In other words, we can say 
that to produce the same 
voltage gain, the impedance of 

a pure inductive load required 

is much smaller than a pure 
resistive load. The another 


M\ 




V', 










5 -2^ 


§ 



Fig. 15. 


; 2 3 T, 

Zt./r D ^ 

Voltage gain of amplifier as a 
voltage with Zt\r P . 


advantage with an inductive 
load is that the plate supply 
voltage E b j may be smaller 
than for a resistive load be- 
cause of the steady compo- 
nent of voltage drop in the 
load resistor. 

Curves of figure (16) 
show the form of the varia- 
tion of phase angle ofvol- 
ta 8 e gain with Zi/r p for pure 
resistive load, pure induc- 
tance load and for complex 
inductive load. In case of 
a pure resistive load, the 



0 12 3 4 



Fig. 16. Variation of phase angle of 

voltage with Zi/r p . 
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phase angle has a constant value 180°. For pure inductive load 
and for Zt/r,= 0, the phase angle is 270\ As the value Zt/r, 
increases, the phase angle 
reduces and approaches to 1 80° 
for large value of ZJr,,. The 
curve for a complex inductive 
load lies in between the two 
curves. 

The variation of voltage 
gain with frequency is also 
shown in figure (17). The 
voltage gain is independent 

of frequency in pure resistive 
load while increases in case of 
inductive and complex inductive loads. 

9 9. CLASSIFICATION OF AMPLIFIERS : 

Amplifiers are classified in ways descriptive of their character 
and properties. They are commonly classified in five ways : 

(1) according to use, 

(2) according to circuits, 

(3) interms of their frequency range of operation, 

(4) according to portion of the cycle during which plate 
current flows, i.e. upon their operating characteristics, and 

(5) according to the range of frequencies amplified compared 
with central frequency. 

(1) According to use to which they are subjected : 

(a) Voltage amplifier, 

(6) Power amplifier. 

In voltage amplifier, the main aim is to get the maximum 
possible voltage gain. The tubes used have relatively high ampli- 
fication factor ft. Such amplifiers may have high impedances load 
which may be tuned or untuned. 

Tubes used as power amplifiers have low amplification 
factor and high transconductance. The power amplifiers may 
control a large plate current at a relatively high plate potential. 

(2) According to circuit : 

In this method of classification, amplifiers may be classified as 
ia) single stage amplifiers and ( b ) cascade amplifiers. Single stage 
amplifier uses only one amplifier and is suitable when small ampli- 
fication is sufficient. The cascade amplifier consists of many ampli- 
fiers. The output of one amplifier is fed to the input of next 
amplifier. In this way considerable gain is possible. The cascade 
amplifiers are further classified according to the method of 
coupling as follows : 



Fig. 17. Showing the variation of vol- 
tage gain with frequency. 
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(0 Direct coupled amplifiers using d.c. coupling between the 

SlagCSe 

(“) Resistance-capacitance coupled amplifiers using resistance 
as tne load and a capacitor as the coupling element. 

(in) L-C coupled amplifiers, using inductor as the load and a 
capacitor as the coupling element. 

l. IV ) Transformer-coupled ampliners using transformer as the 
coupling element. 

(3) Interms of frequency range of operation : 

(a) Audio frequency amplifiers : (30 c/s. to 1500 c/s.). 

a ^e us . e d in ratio receivers, public address systems and 
other amplifications involving audible frequencies. The frequency 

r SUch can be as narr °w as 400 to 4000 cycles for 

mi fS irden ded for speech only or 50 to 500 cycles for average 

qua ity music system as wide as 20 to 20,000 cycles for full high 
fidelity systems ° 

(' b ) Viedo frequency amplifiers : (50 c/s to 6 mc/s). 

are use , d in Television receivers, radar receivers, and 
evices producidg visible pictures. The frequency range of 
these units is much greater than audio amplifiers. For use in tele- 
vision the typical frequency band needed is from approximately 
cycles to 5 megacycles. For use in some oscilloscopes or in 
radar, even higher upper frequency ranges are often needed. 

(c) Intermediate frequency amplifiers : (150 kc/s. to many 
mc/s.j 

They are used in resonant circuits and to amplify a relative 
narrow hand o t frequencies to each side of a mean or carrier fre- 
quency. In fact they are radio frequency amplifiers but the inter- 
mediate frequency is used, because somewhere in the complete unit 
tnere are one or more other amplifiers operating at some higher 
radio frequency. Broadcast band radio receivers usually employ an 
intermediate frequency of approximately 455 k.c. Ultra high 

requency receivers use intermediate frequency values around 60 
megacycles. 

mc/s^ Radio frequency amplifiers : (100 kc/s. to many thousand 

n*rrT he i! e a J np JL fiers ’ in general, are used to amplify a relative!) 
“ ar ™. w band of frequencies to each side of some mean value 01 

a radio frf^ 116110 ^' ^°, r . exara ple, in broadcast band radio receiver, 
^t200 k c am P* , fier may be set to operate at frequency of 

amnfifii^orJ^K 118 .!! 0 *. ube °P eratioi > : Another means of classifying 
to one cvcle nf durat ‘ on °f the conduction period in relation 

into four categories' nPUt S ' sna1- In this respect, circuits are divided 
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PZA7L CUURT/VT 

y b j 


GRID VOCTS 
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(a) Class A : Plate 
current flows for the full 
cycle of input. This is 
based on class A ope- 
ration. 

Class A operation : 

In this operation grid 
bias and the input alter- 
nating signal voltages 
are of such values that 
plate current flows in the 
output circuit at all times 
and the output wave 
shapes of the plate cur- 
rent are practically the 
same as the existing grid 
voltage. In order to rea- 
lize the above condition, Fig. 18. Class A operation, j 

tive >° int B ! S S0 chosen » as to allow the grid to be posi- 

voftage fthC CharaCtenStIC at the negative peaks of the signal 

S* ass " ® ase d on class AB operation in which current 
ows for less than one cycle, but for more than half cycle (fig. 19). 



INPUT S/6SVAL VOLTS 



-/ver*- tfr£gf 6 GRID VOLTS +//e 



’NPU7 S/6AUJL POiTS 


c 

t 


Fig. 19. Class AB operation. 

Class AB Operation : Class AB operation is one in which the 

grid bias and the signal input voltage are of such values that plate 

current will flow for more than half, but less than the complete 

time of the input cycle. The operating point B is such that at 

negative peaks of the signal voltage, the grid reaches beyond the 

cut-off value, i.e. for a part of negative input signal, plate current 
becomes zero. 
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(c) Class B : Current flows for approximately one half cycle 
of the input signal and is based on class B operation. 

Class B Operation : Class B operation, is one in which the 
grid bias is made 
approximately equal 
to the cut-off value. 

In this case, the plate 
current will be appro- 
ximately zero for zero- 
signal input and plate 
current will flow for 
one half of the input 
cycle, i.e. in this case 
the grid is biased just 
in the vicinity of cut- 
off value so that only 
positive half of the 
signal voltage is effec- Fig. 20. Class B operation. 

tive and other half is completely ineffective. 

(d) Class C : Current flows for less than one half cycle of 
input (Fig. 21). The power amplifiers are based on class C operation. 



Fig . 21. Class C operation. 

Class C operation : Class C operation is one in which the 

grid bias is considerably greater than cut-off value, so that the plate 

current is zero for zero signal input and plate current will flow 

tor less than one-half the time of the input cycle. In this case, the 

operating point is chosen beyond the cut-off value ; hence we get 

°r P u ! ses °f plate current corresponding to the positive peaks 
of the signal voltage. 
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with ( c 5 en.M""e^f n '7‘ e ra ° 8e ° f freq °“ cics am P Mcd 

and Jo widTblda m a ;fi fi t? ified “ (0 ” arTOW ba " d “P”*" 
freauenci«!mnS^ a - nd a “P lifier is one in which the band of 

&Xs f ‘ he radi ° freque " cy '“" ed amp " fers « ««i t 

(//) A wide band amplifier is one in which the band of fre 

P lfie | d fi 1S Iarge com P ared with the central frequency 
R-C coupled amplifiers come under this category. " 

Types of Amplifications : 

(/) Voltage amplification : Voltage amplification is the ratio 
of the signal voltage available at the ontpu, terminals of an amp “ 

voltage impressed at the input terminals. signal 

n( . t A U \ Current amplification : Current amplification is the ratio 
of he signa current produced in the output circuit of an amplifier 
to the signal current supplied to its input circuit. 

0") Power amplification : Power amplification is the ratio of 

the power delivered to the output circuit of an amplifier to the 

power supplied to the input circuit. 

In case of power amplifier, it is usually better to specify per- 
formance by its power sensitivity. y y ^ 

T^lu POWer T/ itivity: P ° wer se,,sitivit y is defined as the 
ratio of the signal frequency power, delivered by the output circuit 

ot an amplifier, to the square of the effective value of the signal 

ohmT impreSSed at the input term inals. This is measured in 

9 10. INTER-ELECTRODE CAPACITANCE IN A TRIODE : 

The grid of a vacuum tube amplifier is maintained at a nega- 
tive potential with respect to cathode so that even for the positive 
cycle of grid voltage signal, the grid does not become positive and 
no grid current flows. This is only true for alternating current of 

very low frequencies. The alternating current of high 8 freauencies 
can flow in the grid circuit due to interelectrode capacitances that 
exist between the different electrodes. These capacitances are 
important in the behaviour of the circuit. P are 

Fig. 22 shows the schematic diagram of the triode amplifier 

and us a.c. equivalent circuit including the interelectrode canii 
tances. 

In the circuit, C av denotes the capacitance between the arid 
and plate, C ak is the capacitance between grid and cathode and r 
is the plate-cathode capacitance. These capacitances are distributed 
throughout the length of the electrodes and exist inside the tube 
bor conventence these are taken as lump capacitances external to 
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(a) Vacuum tube triode amplifier (b) Equivalent a.c. circuit of tiiode 

with different inter-electrode amplifier with different inter-electrode 

capacitances. capacitances. 

Fig. 22. 

The capacitance C Pk exists directly across the output terminals 
and hence acts if it were a part of load. The capacitance C„* 
exists directly across the input terminals and hence acts as if it 
were a part of the grid signal. The capacitance C av is a mutual 
capacitance that interconnects the grid and plate circuit. Thus, it 
constitutes a feed back path from the plate to the grid, as well as 
a forward path from the grid to the plate. Since at low frequencies 
this capacitance is small and hence the approximation that the 
plate circuit is independent of grid circuit is valid but at higher 

frequencies this is noi true. At higher frequencies, these capacitances 
seriously affect the operation. These capacitances have two effects: 
(i) modification of input admittance and (ii) modification ot com- 
plex voltage gain. 

9 11. INPUT ADMITTANCE OF A TRIODE AMPLIFIER : 

We have seen that due to the presence of inter-electrode capa- 
citance C gp between grid and plate, the grid circuit is not isolated 
from plate circuit. When an alternating signal E g is applied bet- 
ween grid and cathode an alternating current flows through the in- 
terelectrode capacitance between grid and cathode, t he currents 
through C ok and C av are supplied by signal source. This results in 
the input admittance of the amplifier. The input impedance Z< ot 
the triode amplifier is defined as the ratio of the input signa 
voltage E„ and I„ (current flowing through the grid). The recipro- 
cal of the input impedance is known as input admittance Y». Thus 

E 

Input impedance Z< = 


and Input admittance 


Y< 


lo 
I 

E 


a 


An expression for the input admittance of amplifier is derived 
below : 
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Refering to figure 22 (a) and 22 (b), let I, and I 2 be the effec- 
tive values of current through C gk and C eP . Now 

I» = Ix + l2- >..(1) 

current I 2 through the grid plate capacitance C 0P in figure 
2.1 (b) is given by & 

. ^2 EypJtoCpp, 

where E gp is the complex effective value of the voltage rise 
the plate to the grid. This voltage is given by 

E SP =E P — Ej j. 

We know that complex voltage gain A= 


...( 2 ) 

from 

•••( 3 ) 


E 


...(4) 


or E p = A Eg. 

Substituting the value of E p from equation (4) equation O'! 7 
we get h 

Egp—Eg — A Ej^Ej, (1 — A). _ ( 5^ 

Substituting the value of E ov from equation (5) in equation (2) 


A). 


I 2 j(Xj Cgp E g (1 

again l^ywC^E,. 

From equations (6) and (7), the value of I„ is given by 
I*=Ii+l2=> Cgk E p +y’<u Cg P E e (1 —A) 

=J*oEg [Cg k + Cg P ( 1 - A)]. 

I„ 


...( 6 ) 

...(7) 


...( 8 ) 


Now the input admittance Y 


* 


E 


Y i—jlO [Cg k +Cg P (1 A)] •••(9) 

The voltage gain A may be put as A *=A r +jA { , where A r and A t 
are the real and imaginary components of complex voltage gain A 
respectively. Now 

Y < —jtO Cg k +j<M C [P (1 —A r ) + (V Cgp Ai ...(10) 

.*. Input shunt conductance =w C 0P A t (ID 

and input shunt susceptance=co [Cg k +C B]> (l—A r )] .’..(12) 

The capacitance between grid and plate (C SP ), thus results in 
a much larger capacitance Cg P (l-A r ) between grid and cathode 
This is known as “Miller effect”. 

In accordance with equation (10), the input a.c. equivalent 
circuit of a triode amplifier 
may be represented by a 
shunt r esistance R = l/wC UP A t 
in parallel with input 
capacitance C gk + Cg P (l — A r ) 
as shown in figure 23. 

The value of complex 

voltage gain A and Y< in Fig. 23. A.C. equivalent input circuit of 

case of pure resistive load triode amplifier. 
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and complex load are calculated below : 

Case I. Pure resistive load : 

Neglecting the reactances of C gp and C pft when the frequency 
is low, the complex voltage gain A in pure resistive load Rl is 
given by 

Rl 

= — a 


A 


In this case, A r 


p rTrk and A > 


...(13) 


Y/==/OI I Cglc + Cyp 


1 + 


= 0. 

uR 



to 


f j)"f“ Rl ) J •• (1^) 

Therefore, the input capacity Q of the triode amplifier is equal 


C,=C a *+C„ 

Case II. Complex load : 


1 + 


Rl 


Rl 


...(15) 


Now we shall find out the nature of the input impedance of a 
triode amplifier whose load is a resistance in series with an induc- 
tance. Let effective load impedance including the effect of C,k be 
Z, then 


Now A 


or A r +jAi 


7, — R J rjX. 

E„ Tp+Z 

niR+jX ) 

" (r* +/?)+./* 


...( 16 ) 


*{R+jX) 

(r p +R+JX) 


/*■ - 


p-r v X 


i?(r„4-J?) + * 2 . 

c r p +R)' + X 1 J (r^+Rf + X* 


..,(17) 


have 


Comparing the real and imaginary terms on both sides, we 

pR ( r „+R) + X* 

..(18) 


and 


Ar 


Ai 


{r 9 + RY + X‘ 

t Lr fX 


...n 9) 


(r p + R)*+X*' 

Substituting values of A r and At from equations (18) and (*^/ 
in equations (11) and (12), we have input shunt conductance 

^ r 9 X 

fXOjCgp 


and input shunt susceptance 


(r p +R)*+X* 


..(20) 


to 






I 

/ . , /* 0 r„+R ) R+X* \ I 

\ + (r p +R)*+X* l\ 

{ , ■ “R (rp + /Q + r’A l 

I + (r p +Rf + X* \\ 


.( 21 ) 


fxcuC 


rJT 


op 


Vp + Rf + X* 


( 22 ) 


• • 
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(22) lhoL^alu" a s l ne»\[ivt!f V yl 0raPO r ent / laSt term ° f 

h inductive]. This nSc revile p0S, *' ve H ■ lf the anode load 
back to the grid through thp ari? w meanS - hat P ower is flowing 
is more than which is reauired t n H ca P acit V and if this power 
any positive resistance c su PPiy the power dissipated in 

will result This is one of the tb f grid vo,ta 8 e > oscillations 

as amplifiers a trad™ in , the ase r of diodes 
ene T J&SS'XL L 

n the above treatment, we have negle'ted jhp fnrt * +u 
it can be shown that C BV should be replaced by treatment 


C 


OP 



9 12 METHODS OF BIASING THE CONTROL GRID • 

th , ree methods of biasing the control grid are used 

leakV* fixed b ' aS ’ ( il) cathode b 'as or self bias and (Hi) grid 
leak bias. Here we shall discuss these methods. ( j gnd 

should hf ,Xe ^ *' as ‘a l! has aIready been mentioned that the grid 

ShS P TM m - ,hod L s to a ^ b «<"y gdd a°„d 

am a constant voltage battery in the circuit! To ovimome ?iis' 

trouble the grid bias voltage is obtained from the plate sunnlv 
source with the help of potential divider. This provides a fifed 

(ii) Cathode bias or self bias : The economical method for 

providing the grid bias is to 

place a resistance R k (cathode 
bias resistor) in between the 
cathode and ground. The ad- 
vantage of this merhod is that 
no power supply is necessary 
* or grid bias. The circuit 
arrangement of a triode amp- 
lifier using self bias is shown 
in figure 24. 

When no signal is applied, 

P L ate „ currenr h flows Fi S- 24 • Vacuum tube triode amplifier 
through R k and makes a volt- using self bias or cathode bias 

fiPt d [ 0p across jt - Tlle polarity of this voltage drop J„R k j s such 
tha the cathode cad is positive and the ground eud is negaUve 

wl , i S ;e h s e pe P a , , e o C caSde flOWiDS thr<>U ‘ h * mak « *" - «£*« 



LOAD 
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When a signal is applied and only R k is introduced in cathode 
and ground, it is found that the gain of the amplifier is reduced. 
The reason is as follows : 

When an a.c. signal is applied, the plate current i b consists of 
two compenents : (i) the d.c. plate current I b and («') a.c. compo- 
nent i v . Now in this case, in addition to d.c. current I b , the a.c. 
current i p also flows through R s . The a.c. current causes a voltage 
drop which is in opposite phase to the applied signal voltage. Thus 
the voltage across the grid cathode of the tube is the difference of 
the two voltages, i.e.. applied signal voltage and a.c. drop across 
R, : . This is a form of negative feed back and the gain of the amp- 
lifier is reduced. 

The reduction of the gain can be prevented by connecting a 
capacitor 'C fc of high value and small reactance in parallel with Rk- 
When the resistance of the condenser is far smaller than Rk almost 
all a.c. component of current flows through C k without making any 
voltage drop across R 1; . The d.c. current I b flowing through Rk 
provides the grid bais. Thus R h C k combination in the cathode 
lead provides the grid bias. High capacitance, low voltage electro- 
lytic capacitors are used for this purpose. The use of this bais is 
restricted to class A and AB amplifiers. 

(iii) Grid leak bais : 

Figure (25) shows a vacuum 
tube amplifier using grid leak 
bias. In grid leak bais resis- 
tor R„ is connected between 
grid and cathode and a capa- 
citor C is connected in series 
with the grid as shown in 
figure 25. 

When positive half cycle 

of the a.c. signal is applied, Fig. 25. Vacuum tube amplifier using 

the total grid voltage reaches 8 rid ,eak bias ' 

to zero potential or it may become positive. Due to this fact gri -> 
cuirent flows and the condenser is charged with polarity shown 1 
the fig. During the negative half cycle, the condenser dlscbarg 
through grid leak resistor R g because in this case no grid cur l^. 

flows. As R g is of the order of 250/02, the time constant ot tnc 

discharge of the condenser is very large. After few cycles of a e 
na f e charge and discharge, a constant d.c. voltage appears acr 

the condenser which provides the necessary grid bias. The g 
leak bias is generally used in conjuction with self bias. TJsua o 
the giid leak bias is used when the grid current flows i.e. for A , 
or C operations. 

913. DISTORTION IN AMPLIFIERS : 

The output voltage of an ideal class A amplifier should have 
the same waveform as the input signal. In order that the ou p 
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waveform shall be identical with that of the input, three conditions 
^ must be satisfied. 

(0 The output must contain only those frequencies that are 
contained in the input. 

00 The output must contain all frequencies contained in the 
input and the relative amplitude of various components must be 
the same in the input. 

0‘0 If any component of the output is shifted in phase rela- 
tive to the corresponding component of the input, all components 
must be shifted by the same number of electrical degrees of the 

fundamental cycle of that component. 

Any deviation present in the output waveform from input wave- 
is called distortion. Failure to satisfy the above conditions results 
form in three corresponding types of distortion : 

1. Non-Jinear distortion or amplitude distortion. 

2. Frequency distortion. > 

3. Phase distortion. 

1. Amplitude distortion : Amplitude distortion is due tb the 
production of n^w frequencies in the output which were not present 
in the input. From the dynamic (mutual) characteristic we note 
that any grid signal such as E sl that falls within the straight line 
section of this dynamic characteristic to bj), will be amplified 
without distortion (Fig. 26 a). On the other hand, signals that fall 
outside the straight section, such as Eg 2 , will have their peaks flatt- 
ened. Since amplitude distortion is caused by operation in the 
non-linear areas, it is also called non-linear distortion. 



Fig -6 (a) Amplitude distortion. 




A\A 
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, Another type of amplitude distortion is caused by operating 

1 or V nCOrr ! Ct gn ? bia ?' Wbe, > <he tube is °Perated with 

g id bias whose value is less than the maximum value of the in- 

fhi !!w VOl f tage l th e grid voltage will be driven positive daring 
the portion of each cycle in which the positive value of the input 

signal is greater than the grid bias. The manner in which the out- 
fig 26**(6) * S ^ ,stortec * ^ or °f operation is shown in 



. .Fig- 26. ( b ) Amplitude distortion. 

Distortion is also caused by applying too large an input signal. 
When the tube is operated with its correct value of grid bias but 

the applied signal is too large, either half or both halves of the 

input signal may be distorted. 



Fig. 27. Amplitude distortion. 
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When amplitude distortion occurs, the output waveshape is no 
longer a sine wave. The resulting complex wave consists of the 
original frequency and harmonics of the original frequency. The 
current and voltage relations may be expressed in general by the 
series 

I p ^I 0 +aE g +bE a *+cE g 3 + ... ..(1) 

Assume that the input wave is a simple sine function of time, 
of the form 

A . # 

Eg = Eg Sin lot. 

The current is 

I v =I a +aE„ sin t ot+bE g 2 sin 2 a >t+cE g 3 sin* cof+... 


L-\-aE g sin <t>/+ 


bEg 

2 


2 bE 2 


cos 2(nt-\- ... 


I>F 2 

T 0 +^-+aE a sin wt 


bE 2 


2 ' ~~ u 2 

Thus the current contains 


cos 2 


up 2 

(i) _ - g _ i.e. rectified portion of the output current arising 


due to distortion. 


(//) bE g sin cot, i.e., output current with the frequency of the 
input voltage. 


m 


b£g* 

2 


cos 2 cot, i.e., second harmonic component of the 


plate current. 

Percentage of second harmonic distortion 

amplitude of second harmonic^ j mo/ 
= amplitude of fundamental /o ‘ 


hi 2 

-4r-X 100 

2 50 bEg 0 


aE, 


a 


% 


Knowing the values of a and b, percentage distortion can be 
calculated. If the maximum, mean and minimum values of the 
current is obtained from the dynamic characteristic, the values of 
a and b are calculated in the following manner : 

From fig. 28, it is observed that 
when tut=0. Ip- I v (mean) — 

wt^nl2, l v = I v {m^.\.)=I n +aE.j-\-bE g 2 . 

tots 3rc/2, I v = I v (min .)=I 0 -aE g +bE a 2 . 
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Fig. 28. Showing max., min and mean values of plate current. 

rom these equations, we have 

1 * (mean)-/, (mm.)=aE g -bEf. 

I p (max.) — I p (m\n.)=2aE g . 

J P (max.)+/„ (min.)- 2/„ (mean) 

Thus jg i!n ax -)+/ g (min.)-2/, (mean) 

2 [/„ (max.)—/, (min.)] 


2bEf 
2 2aE, 


bEg 

2a 


nd the percentage of second harmonic distortion will be 

= M^tx^)+^_(roi n,)-2/, (mea n) „„ 

2 [/„ (max ) — I v ^min )] X 100/ o . 

by equatlorfm °Th When Ip is . related to the applied grid voltage 

characteristic ^ e< ^ uat,on 19 assumed to represent the dynamic 

all freniTp r ^?^ nCy d,stort * on Frequency distortion exists when 
caused bv the <? TC ” 0t an ?pb6ed by the same amount. This is 
a limit to thp * rcu,t associated with the amplifier tube and sets 
tied in anv nor.- 118 . 6 frequencies that will be satisfactorily ampli* 

tion if the nerioH U f- f Ca ^‘ , T ^ e ,u b? ma y cause frequency distor- 

tude as the tim^ ? ,ed SI gual is of the same order of magni* 

" ° fl*gbt of the electron from cathode to the anode 


Basic Amplifier Principles 


437 


of the tube. Referring to fig. 29, it can be seen that an amplifier 
having a horizontal gain-frequ- 
> cncy plot as shown by the dashed 
line will be ideal or will have no 
frequency distortion. 

An actual amplifiercurve may • 
drop at one or both ends of fre- ' 
quency axis, and the gain for fre* 
quencies/ 0 and f b will differ. If 
a complex waveform having both 
frequencies present as 

€ * sin o) a t-\-k b sin w b t Fig 29. Frequency distortion, 
is applied, and if the gain for f a is n and for f b is 0‘ 6/1, then the 
out-put win be 

c 0 =nk a sin ojJ+0 6nk b sin w h t 

Obviously, the output waveform will ditter from the input and 
frequency distortion is present. 

3. Phase distortion or time delay disiorlion : If a complex 
non-sinusoidal signal is to be applied to the input of an amplifier 
in order to amplify it satisfactorily, the relative phase of the vari- 
ous components must remain unaltered by the process of amplifica- 
tion. If this is not so phase distortion is said to be present in the 
amplifier. Distortion of this nature will occur in the amplifier if 
the plot of phase shift against freuqency is not a straight line which 
passes through zero on the phase shift axis or through a point 
which is an integral multiple of n radians. 

Phase distortion is caused by the presence of reactive and 
resistive elements in the amplifier circuit. This distortion is not of 
importance in amplifier of the a.f. type since delayed distortion is 
not preemptible to the ear. It is very objectionable in systems that 
depend on waveshape for their operation, as for example, in 
television. 

Suppose that the input signal to the amplifier is periodic and 
may be expressed analytically by 

e 9 =k a sin (<t»t+(fi)+k b sin (2 a>t+0 g )+... 

If the gain is n, constant in magnitude but produces a phase shift 
that is proportional to the frequency, the output will be of the 
form 

e 0 =nk a sin (wt-f 0 x -f 4») -f- »Ar b sin (2ttif+d*-|-2^)+... 

This output potential has the same waveshape as the input 
signal, but a time delay between two wave exists. By writing 
t <ot' —cut+ty, we have 

e 0 =*nk a sin (cut' + 9,)-i~nk b sin (2wt '- f 0 2 )+... 

This equation is referred to a new time scale l'. Thus delay 
in distortion arise due to the frequency character of the circuit 
associated with the vacuum tube. 

A simple example illustrating time delay distortion is shown 
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in fig. 20 predicting : 

(a) original wave, 

{b) original wave after suffering time delay distortion of r sec 
{ci original wave after suffering time delay distortion. 


Of /G /AML 

I i 



rig. 30* Phase distortion. 

Diagram shows the effect of time delay distortion on a com- 

p ex wave consisting of a fundamental and third harmonic. In the 

ve suffering time delay distortion, the relative phase of third 

armonic components differ by 1 8° from its relative phase in the 
original wave, * 

9 14 ' distortion due to nonlinearity 

OF THE TUBE CHARACTERISTICS : 

tnhf»^ e kf ve seen that the dynamic characteristic of a vacuum 
Th;« ^ 0t § e °® ra, Jy a stra ight line but it has a slight curvature, 
nanlipi that tube characteristics are not linear, 

effect rvf tv.fc equ, r' stant fo . r e< l ua l increments of the parameter. The 
not exartiv ° on,m earity is that the output current waveforms are 
the tube oL/,” 6 as input waveforms i.e., the nonlinearity of 

the dynamic trl^V 0 ^ lstort i°n* Even for a pure resistive load, 

nsfer characteristic is slightly non-linear and hence 


Basic Amplifier Principles 


439 


results in waveform distortion. It is observed that the amplitude of 
output voltage or current during positive half cycle is greater than 
during the negative half cycle. This type of distortion is known as 
> amplitude distortion. The degree of amplitude distortion is mea- 
sured by the presence of different harmonic components. Harmonic 
components are the frequency components whose frequencies are 
integral multiple ot the original frequency. 
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-4 I 
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Fig. 31. Waveform distortion due to non-linearity of triode characteristics. 

Figure (31) shows the type of waveform distortion due to non- 
linearity of tube characteristics. For simplicity, a pure resistance 
load is assumed, and grid signal voltage is assumed to be sinusoidal 

given by 

e 0 — E t cos ojt. ..-(1) 

Let the dynamic characteristics be represented by a power 
series as . 

fp=aie t -i-a 2 eg 2 -j-a 3 e g +••• •• ( 2 ) 

where a u a 2 , a 3 are constants depending on the tube characteristics 
and the load. 

Substituting the value of e„ from equation (1) in equation (2), 
wc have 

i„=o,E a cos ojt-\-a 2 (E a cos u>tf+a 3 (Eg cos «/)■+... 

cos tuf+fl 2 £^H 1 + cos 2o,r )+... 

z=--\a 2 Eg 2 -\-a 1 E g cos wt+\ a 2 E g % cos 2 wt+... ...(3) 

In equation (3), the term * a 2 E 9 * is the d.c. component, a E t cos wt 

is the fundemental frequency term, \ a t E 0 cos 2<ot is the second 
harmonic term and so on. Let I v o, im, h »*» represent the cons- 
tant term amplitude of fundamental harmonic plate current, second 
harmonic plate current, etc., respectively, then 

i Iplm COS + cos 2o»f+... ‘--(4) 

We know that 

/*=/»+/* 
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These four components areTh<^n C< ; S 008 2‘ ot + (5) 

characterfstic with load line are nic« n u 16 ^ gure (^I). These plate 

•he flgure , hat a?° rfoTnd ,,Can be SM ” *» 

dtans. Equation (5) may now be written as 

**««*.=/» + /*, +I plm +I p2m 
/& m ‘ n : ~ Ib + I ™ -7j>lm+ Ip2m 

rom equations (6) and (7), we have 

tna®. — /ft 

Vim — 


minimum at w/=jr 

•-( 6 ) 

...(7) 


Equation (3) shows that 

4>0 


...( 8 ) 


■^P2m — /p$ 


fn ox • I /ft 
2 


TH v i -i 2 I > •••(^) 

componems 0 of^h l J > pjat^ S ci?/renf ldamen ^ a ^ a £ d second harmonic 

is only necessary to know f 6 V ° f £«* and I vim , it 

purpose we have to gr ?P hicaIly For this 

supply v„, ,age Elt and Jo ‘ h / £**£ g I^iof 1 If.! 

(£■” + if) and I! ° bt c! n . Cd K v no, '"6 + P la <« current 4 forfi,,’ 
cc-r^p; ana (£ cc — ^ as iddicated in figure (31). 


/ 


P2m 




X100 


V m 


...( 10 ) 

7/7 the ampli- 
] 00 7T2 and 


hjh max.+i,, mtn .)—I b _ , , 

/ 1* | v X 100. 

\»6 max • /ft min) 

numerical problems 

fier k- -wf (3 ? S, '°» S ,he circuit of an amplifier. 

*=100 jm n'j ' R—2KQ, R,= UK ) ku ma 

be taken as the ofr aP ? clta ^ ce onc * C* are so large that these may 

quencyl concemef'T *1™“ SO * r as the a ‘ '• si ^ nal ^ 

figure (33) 6 < * rawn on the characteristics of the tube shown in 

The total d.c. 
resistance in the 

plate cathode circuit 
is given by 

RrJ-O" == Rl~\~ Rk 

=48+2 

= 50 KQ. ...(i) 

The loop equa 

tion for plate cathode 
circuit is 

e \ r Z^ bb ~ i » fid e- 

= 300-/ 6 50 


LARGE 


( 2 ) 



Fig. 32. Circuit oi an amplifier 
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From equation (2), 

e *-=0 when i b =6 m.a 
e b =300 when i„=Q 
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Fig. 33. Plats characteristics of the tube with load lines 

rp. . Using these values, a line is drawn on the plate characteristics 
This line is the desired load line for 50 KQ as shown in figure (33)‘ 

. N ° w we draw the grid bias line to determine the operating 
point Q Since the grid is maintained negative, the grid current is 
zero and hence the voltage developed across R is zero The Innn 
equation is ' p 


or 

when 


0=e c f i b R k 

e c = — ib 

e c =0, 
e a =-6V 
e A = -AV 


R,: 

ib z 

h 

h 


-—i b . 2. 
0 

3 m.a. 
=2 m.a. 


The above points are connected on a line which gives the grid 
bias lme. The bias line cuts the load line at a point Q known as 
the quiescent point or operating point. From the figure we have 

£■ 40=155 y.I b o=3 m.a. and E C0 = — 6V. 

When C c and C„ are large to be an effective short circuit the 
a.c passes through R L and R„. The total a.c. resistance in the plate 
cathode circuit would be a parallel combination of R L and R 


R 


a*<? 


RlR„ 

Rl+Ro 


48x100 


32-4 KQ. 


48 +■ 100" 

The a.c. load line is a line passing through Q and having a 

siope given by 0 = tan 1 (-1/R a e .). In order to draw the a.c load 
line, we require a second point which is obtained as follows • 
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When 3 m,a., then the voltage drop across «„•«• 

is R a . e . x f e =32‘4x 3 = 97*2 volts. The intercept of the a.c. load 
line on e b axis is £„„+/(,„ = 155 + 97’2— 252*2 V. Now a line is 

drawn connecting e&= 252*2 V to the quiescent point O. This line 
is a.c. load line. 


2. A linear A x amplifier uses a triode has voltage gain —10 
and —12 with load resistance of 8 and 12 KQ respectively. Calcu- 
late the amplification factor and a.c. plate resistance of the tube. 

For resistive load, the voltage gain is given by 


A 


In the first case 


10 


In the second case — 12= - 


pRl 


r p+Rl 


/xx8 


(r»+8)‘ 

..(1) 

*xX 12 


(r,+ 12) 

...(2) 


rearranging, we get 


30 (r»+ 8)=24 p, 
24 (r„+12)=24 p. 


...(3) 

...( 4 ) 


From equations (3) and (4), we have 

30 r„ + 240 = 24 r P +288, 

6r P =288-240=48 
r„=8 KQ. 

Substituting the value of r„ in equation (1) and solving, we 
get 

p—20. 

3. An amplifier on using a valve V x having amplification factor 
of 20 and plate resistance of 25 kilo-ohms has the same gain as on 

using another valve V 2 having amplification factor of 10 and ptac 

resistance 6 kilo-ohms. Find the value of load resistance if sue 
condition is to be obtained. 


We know that 



pRl . 
r v +R.L 


For valve V lt 
For valve V%, 



-20 xRl 

25x10»+/?i 

-I0i? t 


6xl0 8 +/? t 


Hence 


20 R l 10 Rt 

25xl0 > +/? I “6x 10*+i?t 
2x 6 x 10 s +2/?i=25 x 1 0 3 +/?t 

13x103=13 KO. 


or 

or 
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4 . A linear A\ amplifier uses a triode having amplification 
factor n of 10 and plate resistance r v of 6000Q. The load in the 
plate circuit consists of a resistance of lOkQ, in series with an induc- 
tor of T5 henry. If the input is a sinusoidal voltage of effective value 
2 volts and frequency 1000 Hz, find the amplitudes and phase angles 

of the alternating plate current, plate voltage and complex voltage 
gain. 

The effective value of a.c. plate current is given by 

j t&s 

p r p +Z L (rp+Rrf+jwL ' 

The magnitude of the a.c. plate current is given by 

_ t*E<> 


I 


* VUrv+Bu'+u'L 2 } 

10x2 


~V{*&X lO'-t-lOx lU*)*+(2wx 1000+1-5) 2 } 

= 107 milliamperes. 

The phase angle is 

t oL 


amp 


— tan -1 


tan 


-l 


r v -\-Rt 

2nX 1000X 1‘5 


- 30° 30'. 


(6000 x 10,000) 

R.M.S. value of the plate voltage is given by 

p, T r, pEg.ZL. 

MIjj) 


hZr 


Magnitude 


r i 

pE 9 ^(R L '+w*L*) 


V{(rv+RL)*+<o*L*} 

(1-07 x 0- 8 jV{(10x i0=> z +(2nx 1000 X 1*5)*} volts 

14 8 volts. 


Phase angle of E„ 


180° + tan" 1 ^-tan" 1 

Kl 


coL 


r j)+ Kl 


l80°-f tan* 1 ^ tf ™«” -30- 30' 


= 180°+ 43° 10' -30° 30' 
The complex voltage gain is given by 

E B r P -\-Zt 

— M (Rl+JuL) 


1 92° 40'. 


The magnitude is 


(r* +/?/.)+>>£ 


E, 14 8 
E.“ 2 


7-4 
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amnJ % T t he tr 'ode circuit shown in figure 34 {a) called a cascade 

am P Dlifirr iS U n d m - teeviswn . receiver circuit as a radio frequency 
gain, f DrOW e( l u ' valent circui and determine the voltage 


or 

as 



Fig. 34. A cascade amplifier and its equivalent circuit. 

It can be noted that 

to — h Q2 l r vl — p 1 E gl 

Egi = Ml Eg I + Ir vl ... V - / 

Let / be the loop current, than loop equation may be written 


...d) 


Ml^l71 + M2^2 — — / ( r Vl~*T r V2~\~ R L) • •••(2) 

Substituting the value of E g2 from equation (1) m equation (2), 
we get ^ 

Mi^i+m* (fiiE 01 -\-Ir P1 )=— / (r^+r^+Rf) 
or f*i (1 ~i~ M 2 ) E g] = — / (r pi-\-fx 2 r pi+rj^+^z.) 

or 1 . » u i 0 ~F M 2 ) Eg 1 

r Pl (1 +M2) + r j72+^L 

The output voltage E 0 is given by 

E 0 =IR l = -—ft (i+M?) E «1 r l 

r vi ( 1 +M 2 ) +rp*~h El 

• ^ £0 Mi (I -FM 2 ) El 

r Pl 0 + M 2 H + 

oa linear A 1 amplifier uses a triode with load resistance of 

» 0 ohms and a cathode bias circuit consisting of a parallel com - 

'nation of R k and C K . The value of R? : is so chosen that with a plate 
^ v olrage oj 352 volts y the zero signal plate current is 10 m A . 
thp £ r id bias is — 12 volts. The amplification factor of 

ser r lS in " 071 ^ dynamic plate resistance is 12,000 ohms. Conden - 

rim* 10 micr farads. Calculate (/) value of R k (/A zero signal 

0 f age t and(ir ) m jgnifuie of voltage gain at frequency 10 00 Is- 
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or 


1. 

2 . 

3 . 

4 . 

5 . 

6 . 
7 . 


RJi 




Rklb- 

-12 
12 

10 x 10-* 


1200 ohms. 


(//) Zero signal plate voltage E b is given by 

Bb — Ibb lb (Rl + Rk) 

= 352- 10x10-* (24,000 -f- 1200) 
= 110 volts. 

\iii) The complex voltage gain A is given 

~h-Rl 


A 


r p-\-RL~\-(n-\-l Zk 

—pRdZk 


r ?-\-RL 

Zk 


+ 0H-1) 


Z* is given by 


1 


Z 


1 1 -hjuiClcRk 

R k +J“ c >= - T, 


At frequency of 1000 c/s 

1 _l+/2rtX lOOOx 10 s x 1200 
Z fc 1 200 

_l+y. 75-36 
1200 


% • 


A 


- 20 x 24000 x (1 +j 75*36)/1200 
36.0 0 (1-4-/ 75-36) 


A 


Magnitude 


+(20 + 1 ) 

_ 400 + /30144 
30,1+./ 75 36)4-21 51+/ 2261 


i 20U 

400 ( I + / 75 36) 


A 


V , l(400) 2 +r , 0144)*} 


21 . 


V{(M 2 +l2.6l)*} 

EXERCISES AND PROBLEMS 

What is the purpose of a voltage amplifier ? 

Explain in detail why a fixed negative bias is necessary to make most 
tubes operate properly as amplifiers. 

Draw a circuit diagram of basic voltage amplifier and show the diffe- 
rent voltages at different places. 

How a vacuum tube amplifier works as a linear device ? 

Explain the working of vacuum tube amplifier under zero signal (quies- 
cent operation) condition and with a c. signal 

How will you draw the dynamic characteristic of a valve ? 

Explain the equivalent circuit representation (v+ltage and current) for 
triode amplifier. 


8 . 


9 . 

10 . 

11 . 

12 . 

13. 


14 . 


15 . 


17 . 


18 . 


19 . 


20 . 
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Explain, giving basic circuit diagram^ the working of a triode as an 
amplifier. 

If a resistance R L is inserted in the anode circuit as load resistance, 

prove that the voltage amplification obtained is fiR L l(R L +Tp) where p 
is amplification factor and r P is the plate resistance of the triode. 

ive a brief account of the classification of amplifiers. 

What do you mean by interelectrode capacitaaces in a triode. 

^oad U * a * e input admittance of a triode amplifier in case of a complex 

Describe the different methods used for biasing a control grid. 

What do you mean by distortion in amplifiers. Give a brief discussion 

of (i) amplitude distortion, (ii) frequency distortion and (Hi) phase 
distortion ? 

How the nonlinearity of tube characteristics affects the waveform. Gi vc 
the expression for the percentage of second harmonic in a vacuum triode. 
A voltage amplifiers uses a triode having amplification factor 20 and plate 
resistance 40,000 ohms. Another tube with plate resistance of 60,000 ohms 

and amplification factor 15 is replaced for the previous tube. The ampli- 
fication gain remains unaltered. Determine the load resistance to satisfy 
the condition. 

The gain of a triode amplifier with resistive load of 5K ohm is 8, while 
with resistive load of 10K ohm is 10. Determine the amplification factor 
and plate resistance of the triode. 

The a.c. plate resistance of a tride is 6000 ohms whose amplification 
factor is 8. In the plate circuit the load resistance is 12,000 ohms. Find 
the value of a.c. voltage to be applied between grid and cathode to g e * 
a .c. power output of 2 watts across the load . 

A type 6J5 triode is operated as a single amplifier under specific con- 
ditions at 22,000 cps. The important factors are 

m= 20, 7, 700 ohms, C w =-3-4 W i/ # C,*=3 4 /W, and 

= fifif. Calculate the input capacitance and the input resistance 
of the tube when the load is a resistor R=20K ohm. 

A class A, amplifier uses a high \l triode having /t— 80. r v =zjQK°^ TClt 
C gv =C g i i ‘=2'jLfiZ A signal of frequency (80,000/2*) Hz is applied at the 
input. Calculate the input shunt conductance, input shunt capacitance 

and input shunt admittance of the amplifier if the lead including C v * 

in shunt is (a) resistance of 200AT ohms, (b) a pure inductive rea^antx 
of 200ATohm and (c) complex inductive impedance of lOs+ylO* ohm. 
linear A L amplifier uses a triode having y,— 20 and rj, = !0,000 ohms, 
ad resistance is 1-G00 chme. Calculate bias impedance consisting 
° paral| el combination of resistance R k =5 00 ohm* and condenser 
CfcOf 16 microfarad. If the zero signal bias developed across p * i s 
10 volts and zero signal plate voltage is 120 volts, find the zero signal 
plate current and plate supply voltage. Also find the magnitude and 
phase an*le of complex voltage gain at a frequency 1000 Hz. Find also 

the magnitude of voltage gain which occurs in the absence of cathode 
impedance. 
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We have seen that when a sinusoidal voltage is applied 
between the grid and cathode of a vacuum tube amplifier, the 
output voltage at the plate circuit is several times larger than the 
input voltage. The waveform and frequency of the output voltage 
is the same as that of the input. Thus the input voltage is said to 
be amplified several times by the amplifier. When the grid of the 
vacuum tube is maintained at a negative potential even for the 
positive half cycle of the applied a.c signal, no grid current flows 
t.e., no a.c power is consumed in the grid circuit. The a c. signal 
at the grid without any loss can control an appreciably large 
current flowing through a large impedance in the plater circuit. 
Thus the amplitude of the output voltage is far larger than that 
of the input voltage. This gives a voltage gain of the amplifier. It 
can also be observed that the power gain will be still larger. A 
transformer may be used to step up the voltage but the power 
across the secondary terminals is always less than across the 
primary. Sometimes the transformers are used as loads in vacuum 

tube amplifiers. 

The voltage gain of a single stage is less than the amplification 
factor of the tube used. Sometimes, it is required to have a voltage 

gain far exceeding the amplification factor of the tube. In such 

cases, a number of amplifiers are connected in such a way that the 
output of one is connected to the input of the next. Such an 
amplifier is known as cascade amplifier. Depending upon the 
network used for the coupling between output stage and input 
stage, the cascade amplifiers may classified as : 

(1) resistance capacitance coupled amplifiers, 

(2) inductance capacitance coupled amplifiers, 

(31 transformer coupled amplifiers, and 

(4) direct coupled amplifiers. 

101. RESISTANCE CAPACITANCE COUPLED AMPLIFIER : 

One of the most common voltage amplifier circuits, used when 
a sensibly constant amplification over a wide range of frequencies 
is desired, is the resistance capacitance coupled circuit. If the out- 
put voltage of the first tube is coupled to the grid of the next tube 
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through a resistance and capa- 
citance, the amplifier is known 
as the resistance capacitance 
coupled amplifier. A two stage 
voltage amplifier employing 
triodes is shown in figure 1 

Function of circuit compo- 
nents : 

Cathode bias circuit : 

Here the first stage of the triode 
circuit is the same as the basic 

amplifier circuit except that bias Fig. l. R.c. Coupled Amplifier. 

attery has been replaced by a self biased resistor /?, in the cathode 
circuit The resistor is shunted by the capacitor C,. Compo- 
nents A, and Cj provide the bias for the tube. The combination is 
nown as self-bias or, more specially, a cathode bias circuit. In 
^V^tage amplifier, freedom from amplitude distortion is obtain- 
ed by operating the tube with the grid at some negative value 
compared to cathode which is done with the help of resistor Rr 
Because of the voltage drop in resistor R x cathode is positive with 
respect to ground ; using positive cathode as reference, the grid is 
m turn negative compared to cathode. 

Why is the resistor shunted by the capacitor C% ? When a.c. 
signal are applied at the input of this amplifier, the instantaneous 
grid voltage will change, and ihe plate current will vary accordingly. 
But it the plate current changes, the bias (drop across R i) would 
also change, and this effect is generally not desired. Capacitor C\ 
serves as a by-pass capacitor to prevent these bias variations. 

Plate circuit resistance (R t ) : In order to achieve amplification, 
a load impedance must be connected between the plate of the 
tube and the plate power supply. Any variation in the plate 
current of V x and the coupling resistor R x will produce correspond- 
ing variations in the voltage across R t because plate current flow- 
ing through this resistor will produce a voltage drop. 



Effect of C and R 0 Coupling : The blocking capacitor C prc* 
vents the high voltage that is applied to the plate of valve V x from 
reaching the grid of valve V 2 . A high positive voltage at the grid 
of a tube would cause a very high current to flow in the grid and 
plate circuits of the tube ; this would overload and quickly damage 

e ‘ this capacitor were used without resistor R c > tube V 2 

would be blocked because the negative charges (the electrons that 
may be collected by the grid from the electron stream within the 
u the grid side of the capacitor would increase the bias 

ti!* C i!f nt 'y ca V* e the tube to operate beyond cut-off. To prevent 
is locking action a high resistance R e called the grid leak is 

r?l\ n .f ctec * between the grid and cathode to provide a direct path 

tor the accumulated electrons to leak off. 
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Therefore we conclude : 

ine efiLiif. i C ', “ a s . hunt a ? ross ,hc lo «l resistance, thus reduc- 

mSch S tonT ’ ‘ ‘ hiS Ca “ be negleCted lf R • is 

C actfL a M r‘? P ,°? an i effeCt U tba * ,he circuit combination R„ 
acts as a potential divider across the amplified voltage. 

convprfr lna ^ Y r r nge ° f ca P acitor c varies from -001 to 01 uf for 
came!! IOD f u stages. The bypass capacitor C x has a large 

iveiy bvna°/ the ° rder of 25 ° r r 50 micro farad so that lt ma y effect- 
y bypass a.c. component of plate current. The value of R 

may vary from 500 ohms to 5000 ohms. The typical value of R 1 

principally by the gam and the frequency band-width that are 

follow!!.® 1 ? 1 ^® - R ‘ Ccoupled amplifier, we shall study it in the 
snowing frequency ranges : 

Jflt Al* ^ | — - J 1 ^ I ^ : -At low frequencies the effect of 
is Shown i r „ 0 fij u ° r a e p 2!' ,ance Ca " ” e nef!lec,ed ' The circuit 

nctwAr C r°/ d T B - 10 Thevenin’s theorem, any two terminal linear 
network containing linear impedances and generators can be re- 

paced with an equivalent circuit consisting of a voltage source E' 

iuifvnn W,t t aD * mpe ^ anCe Z '- The value off' is the open cir- 
cuit voltage between the terminals of the network and Z' is the im- 
pedance measured between the terminals with all other generators 
being removed (but not. their internal impedances). 

TheThevenin’s equivalent of figure 2 is shown in figure 3. 

2' 




l 


R l +1 P 


R 


y 

O- 


Fig. 3. Thevenin’s equivalent of 

figure 2. 


2. a.c. equivalent circuit of R.C. 

coupled amplifier at low frequ- 
ency range. 

In figure 3, E' is the open circuit voltage across the resistance 
K i in figure 2. 

Voltage across 7?j resistance x current 
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_ /xE gl R t 
Ri+r P • 

because the voltage in the circuit is — /iEg, and total resistance is 

The impedance Z' between the two terminals X and Y is the 
impedance of the parallel combination of Ri and r v as shown in 
figure 3. 

• 1 V 


r v+Ri 


Z' 


or 


Z' 


r P • R t 

r P Ri 


r p Ri 


Ri+r v • 

The total impedance of Thevenin’s equivalent circuit of figure 3 
is given by 

1 




r v Ri 


jcuC r v -\-Ri 




Now the current I in Thevenin’s equivalent circuit is given by 


I 


—l&g 1 Ri 

Ri+r v 


..( 1 ) 


V i rj,Ri ip 
;< u c+r7F*T 


The voltage across R c will be 


liEg^R 


i 


E g x 


Ri+r 


1 


I r pRl i n 
+ n ; — fT "T" Ke 


xR 


...( 2 ) 


joiC 1 R p -\-Ri 

The complex voltage gain in low frequency range is given by 


A, 




pR 


i 


Ri+r 


E^, 


1 l rpRl I P 
t: ; k — r^e 


xR 


jcoC r n~\ ~Ri 


fiRiR, 


Ri+ff, 


\ r j>~\~ Ri)-\~jioC{r pRi)-\- Rc jo)C.(r Ri ) 

j<oC(r p+Rz) 

• — • fiRiRc 


1 


jo)C 


r p-\- R c Ri 


...(3) 


•A 


This expression shows that voltage amplification depends 
upon frequency i.e. increases with frequency. 

(B) Intermediate frequency range : For intermediate frequen- 


A 
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cies at which R e > the equivalent circuit may be simplified bv 

if. • • ^ 


the omission of C. Under such conditions the load for 
becomes parallel combination of Ri and R e . 


the valve 


I | 

i AAAaaaa . • „ r 



t 




i 





I 







Fig. 4. Equivalent circuit at 

mid-frequency range. 


Fig. 5. Thevenin’s equivalent circuit 

at mid frequency range. 

The equivalent a.c. circuit and Thevenin’s equivalent circuit 
are shown in figures 4 and 5 respectively. The voltage amplification 
in this case can be calculated as follows : 

The total impedance of the Thevenin’s equivalent circuit is 

Zm ‘ R ’ + rrr 

r p -\-Ki 

Re{f p-^Ri) +r P Ri 


(r P -*-Ri) 

The current I in the circuit is 

— mE g x R t 


I 


r p-\- Ri 


- Ri 


Re-rp+Ri) + r p Ri ReUp-\-Ri)-\-r v Ri 

( r v -\-Ri ) 


...( 4 ) 


Voltage E gi developed across R e is given by 


Eg t — current I xR e 


nEg^RiRe 


Rei? p + Ri) -\-r v Ri 

Voyage amplification 

P V" R c(r P +R l )+r P R l 


'ft 'p-i-Xtf+rpKt ...( 6 ) 

From equation ( 6) we infer that when load is resistive the 
amplification of the stage will be independent of frequency for fre- 
quencies beyond the value R e §> 

coG 

(C) High frequency range : At low frequencies, the effect of 
mterelectrode capacitance can be neglected, but at very high fre- 
quencies the interelectrode capacitance becomes important and 
therefore its effect should be taken into account. The effrrt is 
reduce the voltage amplification. 6 CCt 18 to 
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r^VWAV— 




Fig. 6. Equivalent circuit. 

The equivalent circuit 
for this frequency range is 
shown in figure 6. In the 
figure C g denotes the effect 

ot interelectrode capacitance 
at high frequencies. The 

Thevenin’s equivalent circuit 

is shown in figure 7. 

The total resistance of 

the circuit in this frequency 
range is given by 




Fig. 7. 


where 


r P Rj_ 

Ri-\-R P 
R 



R 


Thevenin’s equivalent circuit 
a: high frequency range. 


1 +juiC g R 


and Rf. 


1 -\-jioCgR,. 1S im P e dance of the parallel combination of C t 


Total resistance — rpRl C g R e ) J r^eJjy+Ei) 

( r u4-^i) . 1 C g R e ) 

The current I i n the circuit is 


I 




ryRi ( 1 +> C tt R e )-\- R e (fp-t-Ri) 


(fp +•/?/) ( 1 + ja> C e R e ) 
The voltage Eg i across XY is given by 


R 


E 


^E£l R_ 

= _ Ri~\-r v *‘ l-\-R e .j(oC u 

* r vRi ( 1 XjatCgRc) -\-Rc (r f +7? t ) 

( r j>+ A 't) (1 + j<o CgRe) 


Complex voltage amplification A* is given by 

A*=A» = —flRiRe 

Etfi r P Ri + jcoC a R c r P Ri + Rcr p 4- R c Ri 

uRiR 


• (7) 


( 8 ) 
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uniform "espouse ove’r ££ “ang'/of' freqSencjef ‘ he advant!, 8 e of 

(II) cheap and easy to design, and 
(Hi) no distortion in the output 

- dra D i S „1r s!p 

cause most of the voftage drops across the tod " ’ gC *° >**' be ' 
as 

this region is constant. 6 P' inc ation in 

hl „ , At !? W fre 9 uencies > capacitive resistance in the series circuit u 
igh so that voltage reaching the second stage is less because it if 

equal- to the voltage drop across R t minus voltage droo ac‘ro« 
capacitive reactance. Thus the - - 8 d ^ =ross 

low frequency voltage that 

would otherwise be developed 

across the grid leak is reduced. 

This causes a decrease in voltage 

amplification at low frequencies 

as is indicated by the bend in 

the curve of figure 8. 

The reduction in amplifica- 
tion at high frequencies occurs 
due to the various capacitances 
which shunt the coupling and 
grid leak resistances. At suffi- 



I itoxc/s I fo/rcft 

//s cvcr/r/scc ^ 

Pig. 8. Frequency response curve. 


cently high frequencies, the effective load impedance I T ^ 
enough because of low values of shunt resistances T1 

tion is shown by the bend in the curve of figure 8 Sltua * 

The distinguishing feature of this type of amplifier is th at 

voltage amplification remains substantially constant overTLvi 6 
range of frequencies. over a wide 

10 2. STUDY OF THE FREQUENCY AND PHASE 

RESPONSE OF RC-COUPLED AMPLIFIER : 

. The voltage amplifications of RC coupled amplifier ar l™ 
intermediate and high frequencies are given by P at 0W ’ 


A t 


P-RiR 


r P R,+r p Rr. + RiR c + 

JcoC 
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uRiR 


r p Ri-)-rj>Ro+RiRo 


j(r P +Ri) 
a >C 


A 


m 


uRiR 


rpRi+rpRo+RiR, 


and 


A 


pRiR 


rpRi-\-r v R e -{-RiRe (1 -\-j(oC g r P ) ' 

The intermediate frequency response of the amplifier is cons- 
tant in magnitude and hence the low and high frequency perfor- 
mance can be generalized by using the mid frequency performance 
as standard of comparison. 


A» 

An» 


pRlRe 

r v Ri+r p R e +RiR e -j ( r p +Ri)!o>C 


nR t R 


r P R e +r P Ri+RiRo 


...( 1 ) 


-\-r p R 0 -\-RiR< 

The second term in the denominator is an inverse iuu^~ -- 
frequency and at a particular frequency f x this term is eq 
unity. The frequency can be calculated as follows : 


r P -\- R 


i 


or 


1 


u)C [r pRo^RiRo J 

r v -\-Rt 


1 


• • 


a 




1 



1 


2 nC\ r v Ri 


r v +R 


+/? 


• • 


.( 2 ) 


Inserting (2) in equatian (1), we have 

A t 1 
A m “l -jfjf' 


..(3) 


The equation gives the magnitude and phase of a Pf*' C ^ c | e s. 
at low frequencies with respect to values at mid l ■ h 
S ince the phase angle at intermediate frequencies is is » 
cated by the negative sign, bence all angles for A t lie 


quadrant 
Now 


dl 

Am 



1 



1 + (/ l //) 2 

The frequency is known as lower cut-off frequency 


...(4) 

The 
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tan -1 y in addition to the inherent 180° shift of A m , 

*>• ^ = 180°+ tan- 1 

* j • . , ...(5) 

figure 9 dimenS1 ° n eSf: Pl0t ° f equations (4) and (5) is shown in 



Fig. 9. Gain and phase shift curves for RC amplifier in |-> w 

frequency range. 

It is observed from the graph that as the ratio ff decreases 
the gain asymptotically approaches zero while the’ phase shift 

approaches 90°. 

Similarly, the high frequency gain ratio is 

pRi_ Ro 

As r P Ri + r r Ri -f- Hi R c f 1 4- jojCgr p ) 

A m ” _ fJ-RlRe 

r pRiA~tpRc-{-RiP 0 


r pRiffpRc+RiRe 
rnRo J r r pRi'^'RiRc -\-RiR c jwC g r v 
1 




\ 





The frequency / 2 for 1 

becomes unity is given by 


A 


l 


_i j_ 
r v + + 


2 hCq \fp l\l I \ 0 J 

The frequency / 2 is commonly known as upper cut-off frequ- 
ency. Substituting equation (7) in equation (6), we have M 


A h 1 

Am” 1 +j- flfz 


...( 8 ) 
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from which 


Ah 
A 




and 



1 


i +(/// 2 y s . 

6h= — tan -1 /// 2 in addition 
0fc=18O? tan -1 (/// 2 ). 

A dimensionless plot of equations 
figure 10. 


• • 


..•(9) 

to 1 80° shift of A n gain 

...( 10 ) 

(9) and (10) is shown in 


to 


06 


0 6 


n 


02 


* 

— 
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* I 


o-t Vi 


0 5 


to 




Fig. IQ. Gain and phase shift' curves for RC amplifier in high 

frequency range. 

It is obvious from the figure 10 that at infinite frequency 
4in would be zero while the phase shift approaches —90°. 

10-3. GAIN BANDWIDTH PRODUCT OF RC COUPLED 

AMPLIFIER: . 

The width between the upper cut off frequency ft an “ j 
lower cut off frequency f x expressed in cycles is defined as the ba 
width of the amplifier. Thus 

bandwidth 5=(/ 2 —/j). "La 

Generally f x is very small and hence / 2 alone may be rega 
as bandwidth. According to equation (7), 


B=f % 


2uC 


er(^ + k + i;)- 


...(2) I 


The bandwidth may be increasd by decreasing the factor 

(- — b but at the same time the mid frequency gain a ' s0 

\r v Ki K e J j hand 

decreases and hence the product of mid frequency gain and 

width is regarded as the index of the quality. 


A m x bandwidth 


iiRiR 


r p Ri-\~r v R c -\- RiRc 

Km 


X 


27tC7 \ Tv 




1 


ST* 


T 'pl/rrC p 


2vC, 


...(3) 


Equation (3) shows that the gain bandwidth product is 
pendent of the circuit parameters Ru C. If for the given 
and circuit parameters the bandwidth is increased, the gain v*i 
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proportionately reduced. It is again clear from equation (3) that 
for large gain bandwidth product g m should be large while inter- 
electrode capacitances should be small. 

13 - 4 . EFFECT OF CASCADING ON THE BANDWIDTH : 

In order to increase the gain (which can be obtained by a 
single stage) several stages are used in series and the process is 
known as cascading. Let us consider the case of n such stages. If 
the voltage gain per stage is A, then the gain in cascading will be 

A n . If A m denotes the mid frequency gain, then overall gain of the 
amplifier will be ( A m ) n . 

In case of low frequency range, the relative gain or the single 

stage is 

A, \ 1 


m 



and hence the relative gain using n stages in cascade is given by 

Mi \" 1 


m 


M 


/. 


/ 


t »/2 


...( 1 ) 


Let fin be the lower cut off frequency of the cascade amplifier, 

which is defind as the frequency at which the relative gain is 


V2 


» i.e. 


so that 


or 


or 


or 


or 



V(2 1/n 


or 


f 


/> 


in 


•••( 2 ) 


V(2 1/n -l)- 

* - - ~ \ j 

In the high frequency range, the relative voltage gain of n 
stage cascade amplifier is given by 

l Ah \» 1 


458 


Hand Book of Electronics 


If fm is the upper cut off frequency, then 

_1 _ 1 

n/2’ 


V2 


or 


1 + 


1 + 


fin 



or 


/. 

If 



fjn 

f 

n/2 



V2 


( 2 ) l,n . 


r \ 2 

1 + if ) = 

fn—f(2 1 l n — 1) 1/2 . ...(3) 

Since f>> f, the effective bandwidth is given by f„. It is 

clear from equation (3) that the bandwidth is increased by a factor 

V(2 1/n — 1). 


10 5. EFFECT OF CATHODE RESISTANCE AND 

CONDENSER ON THE FREQUENCY RESPONSE OF 
AN AMPLIFIER : 


At low frequencies the effect of the condenser C can be neg*' 
lected, otherwise the circuit becomes complicated. Figure 11 shows 
the actual circuit of RC amplifier and its equivalent. 



( Actual Circvit 



( b) tZQuivalent withC being 

Megfectea 




Cl Rq 



11 . 
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The impedance of R t and Ci is given by 

Z k ~R x 

_ 1 +ywC 1 i? 1 




Z* 

Eg, : 

E^fc 




1 + JojC 1 R 1 

/^E g]cR e 


r P~\~ R 0 + Z]t' 

E^j— E» 

. =E^-I 0 Z fc , 

where Iq is cathode circuit current. 

___ ^Eg* 


...( 1 ) 


I 


A Egt— Eg 


rv+Ro+Z, ’ 

rf gk Z k 


or 


Eg*^ 


1 + 


r v~\~Ro-\-Z k 

t*Z k 


or 


Eg 


1 + 


r p~\~ Rfr-yZj; 

E*i 

mZs 




E g k 


rp+R 0 + Z k 

^l( r T+ Rq + Z k ) 

'•p+^o+Zfc+^Z** 

hrom (2) substituting the value of E gk i D ( 1 ), 

■ u/? o - Eg, (r P +R n + z t ) 


...( 2 ) 


E 


g* 


Gain at low frequency A 


i 


At mediu 


(r v -\-R 0 +Z k ) (r p -u u n -j- z* + y.z^) 

= E£* = M/ ?o 

Eg! /•p+Z i (lq- / u.)4-^ 

A; £*» 

r p -tZ k ( 1 i- /x J -t- A 0 • 

frequency Z k can be neglected , hence 

A - txR ° 


0 


...(3) 


fp-\-R o 

Thus gain at low frequency is decreased due to ih* r* * 
Z*(l+/x) in the denominator. t0 the fa ctor 

10-6. LOW FREQUENCY COMPENSATION OF R r 

COUPLED AMPLIFIER : 

It has been observed that the low freauencv roc™ 
amplifiers falls off. Technically, it is possible to extend the low f RC 
quency responnse to as low a frequency as desired. The lossTf fho' 

frequency compensating filter in series with the plate lnartr f * ° W 
as shown in fig. 12. The filter consists of a 
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denser C f . The filter provides a plate load impedance that rises 
with decrease in frequency and can compensate for the reduction 
in gain caused by capacitor C. 



Fig. t2. (a) Low frequency 
compensation of R-C 

amplifier. 


12. (b) Equivalent circuit of frequency 

compensation. Since r P * s 
very large, it may be emitted 


from circuit. 

From the equivalent circuit, the current Ij is given by 

f ( Rt \ 

' V j<»Ct ) 


gmEg, i 


1 


Ii 


IM 


R,+ Jtoc)j 




...( 1 ) 


K '+rc+R<+~!y* ;! T l 
JwC 1 


Since 




joiCf 


RfljuiCf 


o>C) > > lljuiCf 



We can ignore the latter. Therefore equation (1) can be 
written as : 

C f \ 1 


h 


■grr&gy i^Ri 


Rt —j/d)Cf 
The output voltage Eg, is given by 



(. R c -jhC ) 


...( 2 ) 


Eg 2 =l t R 


gmEg 


• t 


A, 


Eg, 

Eg, 





jRf/coC 

1 Rf—j/ioCf 

jRf/ojCf 


r /)( Rc-j 



i 


+ 


j/u)C 

Rc 


Rf-jlwC,/(Rc-j/o>C) 


...(3) 

...(4) 



Since 


Therefore 


1 


ioCf 


- , we can ignore the latter in comparison. 



V- 
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frequency^' In Sher^wSd” d me 600,65 is inde Pendent of 

,S equal to the time constant C,R TisTd ^ C0Upl ing circuit 

I0 ' 7 ' 

COUPLED AMPLIFIER 

of the RCamVirfTer? 6 ^^ 5 ^ th ° high fret Jnency compensation 

4 — - 


1. 

2 . 


Shunt compensation 
Series compensation 


Placed in^rcrU'The p^LTI^ “ £ i. 

creased reactance of Z.„ in 7 a fr„ P hT ati<,n bcca " s ‘' the ini 
•he r ?ponse due , 0 , he tcaihun, serves to peak 

inductance is so chosen that it resonates^svhh va!ue tfle 
capacitance of the output of one tnlv> a f ^ e total effective 

tube in the neighbourhood of the falling frcn PUt tfle lowing 
arrangement is shown in fig 13 g frec ^ uenc y- The circuit 





Pi 


■8 13. Shunt compensated circuit 


r . _ Equivalent circuit of 13 («) 

Considering the equivalent circuit of figure 13. 

(Sl+jtuL) (— jlioCg) 

(Pi j f (JjCg) 

Q R R, -j) 

1 ^CfRf+j (a> 2 LC 


8m 


Th 

the magnitude of the high frequency gain A, is 

««*£•/*.*+ 1 


0) 


A * I = -gmfil 



v \-+<o (C B *Ri*-2LC 9 )+u>*U C f) t 2 \ 

case of unci mpensated amplifier L^O anrt tu 

off frequency f % is g.ven by equation 7 (article 1? 2) al ° Ut 


h 


I 

IvCgRi 


Substituting this value of/* in equation (2), we have 


...(3) 
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I Ah 


gmRlX 



1 +(L 2 IC e *Ri') (fjft) 


l+(l- 2 £/C„/? l *)(/// 8 )»+£VC 1 ,WX///a) 



( 4 ) 


Since mid frequency gain is A 
tion (4), we have 

! A\ 




g m Ri, therefore from equa- 


A 


m 



1+(L»/CW) (flf t V 


1 +(1 -2 UC'RS) (flftf+iLs/CWKm 



( 5 ) 


It is convenient to define a quantity Q as 

o—L. 

Introducing 0 in equation (5), we have 

An I If l+QHMY 

A graph plotted between relative gain | A h j / | A 
tion of (/// 2 ) for different values of Q is shown in fig. 14. 



...( 6 ) 

as a func- 






~n 

Cf 






J 

1 tz 


— 

. 

0 

5 



os 



02 *5 0* *6 9-0 r* t 

Fig. 14. 

The voltage gain may be constant upto a certain designated 

high frequency. It can be seen from figure 14 that g=0‘45 P rov ‘ 
des an improved band width if a. very slight response rise ca 
be tolerated . Thus 

Q=J^-.= 0-45. 


C t Ri 


is a condition of maximum flatness for the response curve. 

required value of L canlbe obtained by the following expression 

L=0‘45C e R l * 


...(7) 

The 


...( 8 ) 
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The circuit arrangement is shown in fig. 15 
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Fig. 15 . Series compensation. 

. , case a small inductance coil L is connect^ • 

with the coupling capacitor C. At high f eaueS rtL , uT 
resonates with the input capacitance r nf ’ the coi! ^1 

causing an increased voltage across C <n Since both T * an Tr thUS 
Site ° f ,h£ S,age ' "" ** ^and hence £ 

10 8 . INDUCTANCE-CAPACITANCE (EC) COUPLED 

AMPLIFIER -<[ ,J 

rl'l TXl ta f ,hepfa t e e | S ’°'; 

“ tsar s ° ,he d c - ~ ««* 

In order to obtain high impedance at low aSd.o f™ 5 the . sign ^> 

inductance of the coupling coil is made as high as is^racShf 8 
of the amplifier is give n in figure 16 schematic diagram 






T 


Fig. 16. 



I _r c : 


Impedance coupled amplifier circuit using triodes. 
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Voltage amplification of the impedance-coupled Amplifier : The 

method of determining the voltage amplification produced by the 
impedance coupled amplifier is similar to that used for the RC cou- 
> i<-u amplifier circuit. The circuit characteristics are again ob- 
served at low, intermediate and high frequencies of the audio range. 
The equivalent circuits for the three frequency ranges are given in 
figure 17. 




I 





(a) At low frequencies 


(6) At mid frequencies. 




T 




I Tp 1 2 


/ ffo JvL 





i 


6 




JojL+V'p 



(c) At hiqh frequencies. Fig. 18. Thevenin’s equivalent 

Fig. 17. Equivalent circuits at low, at low frequencies. 

mid and high frequencies. 

Expressions for voltage amplification at low, intermediate and 
high frequencies can be deduced on a s imilar pattern as done in 
case of RC coupled amplifier. For example, we shall deduce here 
voltage amplification at low frequencies. 

The Thevenin’s equivalent circuit of fig. 17 (a) at low frequen- 
cies is shown in figure 18. 

The total impedance of the circuit is given by 

Z=R e +~ + 


T p, j(i>Li 


j<**C t p -f * jcoL 

The current I flowing in the circuit is 

jcoL 


I 


jcoL+r P 


JojC 


jail 


r p -\~jojL 


Untuned Potential Amplifiers 


465 


— ME gJcuL 

ja>L+r v _ 

Pp( r v -hjioL) + (r p -\-ju) L )/ju)C + r P jmL 

T p -\-jcoL 

pEg, jojL 


R e r v +jwL (r v -\-Rc) + ? 


L_jrp 

C coC 


...( 1 ) 


The output voltage E „ 2 is given by 


E*. 


pEg. j'ojL x R 


Rc r v J rj aJ E (r v -\-R c )-\-y. 


E_jrj 

C wC 


...( 2 ) 


The complex voltage amplification A t is given by 

Eg, — pju>LR e 


A « 


E?1 Rcr P +j*L(r p +R e )+^— Ze 

C co C 


...( 3 ) 



From the consideration of equivalent circuit value of A m and 
A h can be deduced. 

Frequency response curve 
of the amplifier : The analy- 
sis shows that the response is 
generally similar to that for 
the RC coupled amplifier ex- 
cept that the flat region is 
narrower, although the mid- 
frequency gain is somewhat 
higher. 

The decrease in gain is 
greater at both low and high 
frequencies than for decoup- 
led amplifier. This is due to 

the fact that the impedance of a resistor is fairly uniform over all 
frequencies and its distributed capacitance is negligible while the 
impedance of a coil Varies directly with frequency and the coil has 
an appreciable amount of distributed capacitance. At low audio 
frequencies, the impedance of coupling coil will be relatively low 

the , , V ° ltage gainat these frequencies* 
the distributed capacitance of the coil increases the total shunt 

capacitance of the circuit, and at the high audio frequencies this 

increase in C a causes more of the output current to be by-passed 

1 4 us further decreasing the voltage gain at these frequencies 

10 9. TRANSFORMER COUPLED AMPLIFIER : 

In case of RC coupled and impedance coupled amplifiers the 
amplification per stage has been limited to a value approaching to 


*e£QO£AA:y /M 

Fig. 19. Frequency response curve of 

an impedance coupled amplifier. 
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b of the tube. In order to increase the gain, it is possible to use a 
suitable ideal step up transformer. Following are the properties of 
an ideal transformer : 

( /) primary and secondary impedances are infinite inductive 
reactances ; hence there will be no losses by magnetising currents, 
or in other words winding have no resistance. 

(«’) whole of the magnetic flux of one winding links with 
the other winding, i.e., coefficient of coupling is unity. Further 

and the transformer ratio is 



(/») Impedance of the secondary load as viewed from the 


primary terminals of the transformer is 




n 


•i > 


i.e. when a resistance 



R is connected across the secondary of a perfect transformer of 
turns ratio n, its effect on the primary circuit is the same as if the 
secondary circuit were omitted, and a resistance equal to Rjn 2 were 
connected in parallel with the primary. 

Audio amplifier cir- 
cuits using a low fre- 
quency (iron core) trans- 
former as the coupling 
unit between two succes- 
sive stages are called 
transformer coupled au- 
dio amplifiers. In the 
transfosmer coupled am- 
plifier the load impe- 
dance of the plate circuit 

is supplied by a slep up Fig. 20. Transformer-coupled amplifier- 

transformer which delivers its secondary voltage to the grid of 
another amplifier. The output of one valve is transferred to the 
second through electromagnetic induction and the secondary vol- 
tage is n times the primary voltage where n is the ratio of number 
of turns in the secondary to the number of turns in the primaiy. 
The transformer serves the following purposes : 

( i) it isolates the d.c. components of voltage and current in 
the adjacent stages, 

(//) it couples the a.c. output of one stage to next stage, and 

(/ 11 ) it provides the simple means for stepping up or stepping 
down voltages etc. 

Analysis of a transformer coupled amplifier : 

Figure 21 shows the equivalent circuit of an ideal trans- 
former : 
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S2S4&P 


Rg. 21. Equivalent circuit of transformer coupled amplifier. 

The name of circuit components are given below : 

effective resistance of primary winding 
Z. 3 ,=primary leakage inductance 
£ m =magnetising inductance of primary 
Red — resistance due to eddy current loss 

C ' ,,= ^) i rmer Uted Gapacity ttie P rimar y winding of the trans 

C m =wi n d!ng capacity of the primary and the secondary 
-K»=eHective resistance of secondary winding 
secondary leakage inductance 
C ,~ secondary distributed capacity 
7?< = input resistance of next stage 
Q = input capacitance of next stage 

«=ratio between the number of turns in *be 
the primary =( N t / N p ). 

Let C' represents the equivalent capacity of C m placed across 

fhp S f COD . dary ’ The value ol C can be determined by considering 
the stored energy as follows : * ° 

Let £■, is voltage acoss the primary, 

E 2 is voltage across the secondary, and 
E m is voltage across the C m . 

Then E m =E l ±E 2 =E x ( 1 ±n), 

subtractive. 0 “ **"»*« »** aJdi,iv ' ! a " d “native when 

The energy stored across the capacity C n per cycle 

^\C n E n * 

or = \C m E , 2 (l±n) 2 . rj. 

Considering the capacity C' in the secondary, the energy 


secondary and 


stored is 

*=\C' Ef=\C 

Comparing equations (1) and (2), we get 


■ ••( 2 ) 


C' 




C. 
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mate (O nal I?a tSF? appr0xi ' 

comparison i§ USUaJIy lar * e in 

in parallel with R P , can be omhtST Pnmary and hence lt > bein & 
omitted. Ri m ShUnt Wilh the secon dary is usually large and hence 

capacity reSect ed f romt he co n d a r v *1 o fl/ C Sma,ler thanthe 

-m pr. 


A. C 


/ — ww 

% 




[Cs+Ci+ Cm (l?)*\ 


Fig. 22. Final equivalent circuit of transformer coupled amplifier. 

low, raSileaadWgh frequent ° f amPlifer ^ 

below^rhp J ° W f ffi uenc y ran S e : The low frequency range lies much 

points are^hlf e resonant frequency of L m and Q. Following 
points are observed in this range : 

cuit am/ reac . tance > s so high that it constitutes open cir- 
cuit and hence it can be omitted. 

(b) Now the current flowing through 

$ and ( L »+^) 

S f he voltage drop across them may be neglected. 

I he equivalent circuit for this 
ra nge is now shown in the fig 23. 

The plate current I„ is given by 

1 *=— 

y P +x v )+ju>L m 

Voltage across L 

• w — 



T , . ( r P“j~ Rv) + Jc o L m i 

+E.S. ,S h2e ge m “ St bC '1™' * 



( 4 ) 


Fig. 23. Equivalent circuit of 

transformer coupled 
amplifier in low fre- 
quency range. 
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E.e, 


n ‘ 


The complex voltage gain at low frequency 


..(5) 


A. 


E 


is given by 


fin 

fin 


juL m 


( r p+Pp)-\-j<nL m 


1 


j ( r p-\-P P ) 


ojL 


m 


The magnitude of A £ is given by 




I A 


/ 


L Lfl 



(wf™) 2 


where the angle (i^tan- 1 r ?- + R J > 




o )L 


m 




»• (9) 


If we define a frequency f x as 

^■ v f\Pm — T p + Rp, 

then the magnitude of A t is given by 

4 — fJ ' n , 

! ~VUTCUfJ} 

where /j is known as lower half frequency. 

(2) Middle frequency range : 

From equation ( 7 ) i, is clear that when *U=r,+X K thc 

voltage gam is Middle frequency range starts from frequency 
f\ upwards. In middle frequency range, 

(a) the frequency is large enough to make reactance , ,r 
large, so I, can be „mi„ed from , he equivalent 'i^h ^ 

(b) reactance offered by C, is so high that it can be reearded 

practically equivalent to an open circuit and may ^ omkt 
ed from equivalent circuit. y omitt 


The equivalent circuit in 
middle frequency range now be- 
comes as shown in fig. 24. 

In middle frequency range, 
no current flows beyond a neg- 
ligible core loss current and hen- 
ce no voltage is lost. Therefore 

— nEg^+EgJn. ...( 10 ) 

The voltage gain is given by 

= n 

‘ ...(H) 


i L P ' t sfa 9 

[~~ — W1/W1A — j. 

ft o + ft & 

T 





Fig. 24. Equivalent circuit in 

middle frequency range. 
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(3) High frequency range : 

In high frequency range 

(a) reactance of L m is very high 
so that it is practically equivalent to 
an open circuit and may be omitted. 

(b) reactance of Ci is small at 
high frequencies and hence can not 
be omitted. 

The equivalent circuit is shown 
in fig. 25. 

The plate current is given by 
— ^ 
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Fig. 25. Equivalent circuit of 
transformer coupled amplifier 
at high frequency range. 


I 


r v -\-R v -\- 


£)+' [- ( £ *+£) 


cuG 


Voltage across C x is given by 
.“*■ >&, 


...( 12 ) 


r„4 




O) 


L v + 


V 

n* ) aiCi J 


...(13) 


This voltage should be equal to E gjn, hence 


& 

n 


/‘Efx; 


1 


joiC 


o) ^ L v -\r ~ J 



A k 


it, 

E*. 


tm 


1 


jdiCx 


^r v +R JI +~ > j+j 


L v 4- 




...(14) 


1 


Due to the reduction of reactance —=■ and increase of reao 

coCj 

tance co ^ L p +~ j at high frequencies, the voltage gain decreases. 
The frequency of this resonance is given by/. 


ft 


1 


IT 


V{ ( ) c * } 


Frequency Response Curve : Figure 26 shows the variation of 
voltage gain with frequency in a transformer coupled audio ampli- 
fier circuit Curve A represents the voltage gain of the circuit while 

using a high grade transformer, and curve B shows the voltage 
gain of same circuit while nc«no o 
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Insufficient primary in- 
ductance is responsible for 

the drop in the curve at low 
frequencies and for a high 
grade transformer in which 
primary inductance has been 
increased gives a better low 
frequency response. 

At high frequencies the 
self capacitance of the se- 
condary winding and the 
leakage inductance of the pri- 
mary acts as a series resonant 
circuit. Thus they produce a 
peak in the resonant curve. 
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Fig. 26. Frequency response curve of 

transformer coupled amplifier. 


rcd “'* d b » 

mega-ohms shunted across tilt * a h ? h resistanc e of 0-5 to 10 

«he%eso„aM^fctoT,hV h c e ha S ££&£" rem °™8 

raorc nearly consiant over m,dfre q uency ranee amp " hcatlc '' is 

Advantages : 

aSSSrs 1 «s wwejir. * 

s^asw.r%«i® 

S harp® ) ,,a " srormer c °upling high frequency cut-off is very 

Disadvantages . 

Disadvantages are the large size and the hieh mst ^ » 
formers required to produce high fidelity g trans ’ 

numerical examples 

f szSF r ‘^ 

Voltage amplification factor= 200, 

Valve anode resistance — 1 00 KQ 
Anode load resistance =2 50 KQ 
Capacitance of coupling capacitor =0 01 fl p 

Grid teak resistance — 0 5 MQ. 

The frequency 1000 may be considered as mirMu r 
Hence the stage gain is given by middle frequency 

g-RiRo 




rpRi+rpRc+jRt# 
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lOOx l(Px 
25000 xlO 9 


200 x 250xl0*x0-5xl0 8 

50 x 10 3 +100x 10 3 x 2-5 x 10 8 +250x 10 3 x0-5xl0‘ 


2000 x 1 0 8 
125 


or 


in decibels 


125 


where 


= -20 logj.0 

At 50 cycles/sec. (low frequency), 
stage gain at middle frequency 
stage gain at low frequency — 

r p-Ri 


42db. 


1-H 


1 


jwCR 


1 


J 


wCR • 


R — R e 4- 


0 5x10*+ 


Ri -\-R p 

100 x 10 3 x 250x 10 3 


40 


100xl0 3 +250xl0 3 ~3 


XlO 5 . 


j| ence stage gain at middle frequency 

stage gain at low frequency 


1 


V 


2X 3-14x50x0-01 Xl0-«X40X10 5 


or 


1—0-5585 j 

stage gain at low frequency 


1 


stage gain at middle frequency 1 — 0*5585 j 

=■-0-76+0-4252 j 

or amplitude = V{('0-76) 2 +(-4252) 2 } 


=0-87. 
115.017=109 
41 dbs. 


Stage gain at low frequency= 

in dbs. =20 log 10 109 

2. A valve has an anode slope resistance of 20, 000 Q and p-10- 
There is a non-inductive resistance of 1,00, 000 $1 shunted by a capa- 
citance of 100 upF, in the anode circuit. Calculate the amplification 
for the voltage of frequency 100 kc/s. 


J 


The equivalent circuit of the 
given question may be drawn as 
shown in adjacent figure. 

Voltage amplification 


r j>+ [ 1 -\-joiCr p \ 
Here /*=10. 



i^lO.10 4 G, C=100 W iF=100xl0- u F, 


r p =2AO* n. 


w=2.3-14.100.10 3 . 


The voltage amplification 


10.10. 10 1 


2 x 10 4 + 10 x 10 4 (1+y 2x3‘14x 100.10 3 .l00xl0' 12 .2xl0 4 j 
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10 . 10 . 10 * 


12 X iO'*-t -;X2x 3' 14 X lUUx 1UUX2X 10 X 1U 1A X 1U 

100.10* 

J2x 10 *+; 2x3 - 14x 10 *x 2 
100 


-i2 


12+12-56; 

Amplification 

100 


100 


\/{144 + (12 56J 2 } VU44 + 157-65) 
100 


17-37 


=5-75. 


3. Determine the gain of a voltage amplifier with a triode of 
constant p=48, g m — 12 mA/volt and with an anode load resistance 
of 160 kilo-ohms for a frequency of IS kefs. The output is fed by 
coupling condenser of negligible resistance to a grid resistor of 
80 kilo ohms and total shunt capacitance of 90 puF. 

Voltage amplification at high frequency 

pRiR v 

rj,Refir p Ri+Re 7?i(l -\-jwCr v ) 

P 


Here g. 




1/2 


48, 

Sin 


48 


40000 O,, 


V.A. 


l-2x lO' 3 

w=*2?r.l5.10 3 , 

C=90 x 10 -12 F. 

= 160 kilo ohms— 160 x 10 3 ohms, 
7? t =380x 10 3 ohms. 

48 

160x 10 a +380x 10 3 ' 2 



1+40,000 


380 x 160x 10 8 



+{(2x 3-14 x 15 x 10 3 ) 2 .(90 x 10- l2 ) s (40.000) 2 } 


112 


48 


[{ 1 + 40 ' 000 (3WTskio»)F +49766 ' 4x ‘ 0 "*. 


)/2 


48 

' _ “[( l - 35 )*+ 49766 - 4 x 10-*] 1 ' 4 

-ifc—* 

4. A three stage RC coupled amplifier has the following 
constants : 
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plate resistance r p = 10,000 
valve amplification = 1 5, 
external resistance^ 80,00012, 
loss in coupling condenser =5%. 


3 COO ^microvolts. 0 * 6 aCross the Iast out P ut resistance for an input of 


fier. 


Let the following circuit represent the first stage of the ampli- 


Voltage across R t 

t*E gl Ri 


Ei-\-r p 

1 5 x 3 x 1 0~ 8 x 80 x 10 3 

_ lOxlOHfcOxl 
45x80x10“- 

90 

=40 x 10"». 

co up^ing^ condenser 1 ” account ■« across 



mE$, 


40 x 10“ 3 would include a loss O f 5x40 xl0~ 8 

. a 100 

• • 'oss in conaenser=2x 10" s . 

Input for the second stage=40x 10~ 3 — 2x 10 -3 

=38 x 10~ 3 volts. 

Drop across second stage R<— I5x38 X 10~ 3 x 80 x 10 s 

90 x 1 0 3 

38x80x 10~ 3 


6 


I9x 80x 10 -3 


3 


volts. 


Loss in the second stage 


5 19 x 80x 10~ 8 

X ' — 


100 ' 3 
76 x 1 0“ 3 


3 


Hence input for the third 8 0x 10~ 8 _76x 10~ 8 


3 _ 3 

(19x80— 76) xlO- 3 


3 


1444x10-® 


«►- 

3 


volts. 


For third stage voltage 1444x 10~ 3 x80x 10 


3x90xlU 3 

1444x40 


9 


X 10 -3 volts. 


% 
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5 1444y40 

Loss in this stage = T7 ^ x — ~ x 10~ 3 volts. 


100 " 9 

2888x10-* 


9 


volts. 


Input for the next stage= 

1444 
“ 9 


1444x40 1444x2 


9 


9 


10~ 3 volts. 


x38x 10- 3 


=160-44 X 38 x 10“ 3 volts. 

5. The slope of the anode current grid potential curve of a three 
electrode valve is T05 mAfV. and the slope of the anode current 
anode potential curve is O' 04 mA/V. What voltage amplification 
will the valve give across an anode resistance af 15000Q ? 

We know that the slope of the anode current to grid potential 


i.e.. 


dip 

dVn 


is equal to mutual transconductance ( g m ) i.e. 


g 


m 


= 1-05 mA./V. 

, 1-05 x 10' 3 A./V. 

Also the slope of the anode current anode potential curve gives 
the admittance, i.e. 

— =0-40x1 0- 8 . 

r v 

10 s 


0-40 


2500J2. 


Now again /x=rj,xg m =l*05 x 10 -3 x2500= 

Amplification or stage ga\n=-~- 1 — 

t\i+r P 

2-625x15000 

“15000+2500 

=2-25. 


2-625. 


6. A two stage RC coupled amplifier uses triode valve in the 
first stage of amplification factor 20 and plate resistance 20KQ. Load 
resistance is 100KQ. Grid leak resistance of the second stage is 
1MQ. Calculate the value of the coupling condenser so that the 
stage gain at 50 c/s is 2 db below the medium frequency range 
voltage gain. 


The stage gain of RC amplifier at low frequencies is given by 

t*RlRe 


4|= 


r jj/?j+rp7? c +7?j/? 0 + 


(r p +Ri )’ 
mC 


The stage gain at mid frequencies is given by 

uRiRc 


m 


pRi + r v R c -\-JiiR 0 


4/6 
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A, 

A 


1 


m 


ih — L r w i 

“CL r^+^R'+R,# I 

1 


r v -pR t 


A 


-(I) 


m 


where /?„ — p/? c +7?ij? 


y i 1 + (»o!»)> } 


20xj0 3 x lOOx 10 8 -j-20x 10 s x 1 v t O 3 ^ T fl« 

20 xio^+TooxTo 5 

101*667 x 10 4 ohms. 


gain At 50 C/S> thC gain is 2db belovv the “edium frequency 


range 


• • 


2=20 log 


\A 


10 


m 


l 


or 


i 2 

= Anti Jog *rr = Anti Jog 0'1 


1-259. 


Substituting equation (2) in equation (1). we have 


...( 2 ) 


1‘259 



1 + 


(coCR 


or 


(l-259) 2 =! + 


1 


y 


or 


1 


(c oCR 0 y 


(l-259) 2 —l =0-58 


(<oCR e y - 

^7-v/ { 0-58}=0-76 
1 

ycx 1U1667X 10 4 -°' 76 - 
Solving it for /= 50 c/s, we have C=0 004, t /. 

A Mode is used in RC coupled amplifier. The load resist - 

tnr,J J.L °' 0hms ' C0U P lin S condenser is 0-005 af grid leak rests- 

nlatP rtaiA nCXt A a A e IS * Meg. ohm., shunt capacity is 100 PF, 
is 20 r%/^»7/ Ce # °f l h e falve is 8,000 ohms and its amplification factor 

frecniptirv m ° 6 ? be Vo ^ ta S e gain of the amplifier at the medium 
of thp cminuAA' ^J ower Hnd upper half power frequencies (c) value 
of 15 c/s P S c °ndenser so as to have a lower half power frequency 

(a) Voltage gain of the amplifier at mid frequency range i> 


ance 


m 


•pRiRt 


r pPi+r P R c -yR J p 


— — 4- 1 

Rc + Ri 
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% • 



15-4 


1x10* ' 30xl0 8 

lb) Lower half power frequency is given by 


A 


1 

2nC 


1 


r v Ri 


r Pi 
1 


+R 


(equation 2 art. 10‘?) 


2k x - 005 x 10 -8 


1 


8000 x 30 x !0 3 


+ 1X 10® 


j_80UO + 30x 10 3 

=3164 c/s. 

Upper half power frequency is given as 

1 1 1 \ , 

V J) + R' l + W c ) ^ See ec l uation 7 art. 10-2) 

(_l . 1 1 




2k C, 


(c) 


C 


2rxl00xl0- 12 \8000 
25 11 x 10 4 c/s. 

1 


+ 


30x 10 3+ 10 6 


2k f 


1 




r 

i r 


^-+ 7 ? 


i 


2 k x 1 5 I 8000 x 30 x 10 3 


[_ 80 

1 


+ 1 x 10 s 


— 0-105 x 1Q~ 7 farad 


2x3l4x 15x 100-63 x 10* 

=0 01 fif. 

8 . A resistance capacitance coupled triode amplifier hnc 

load of X kih . ohmS ' coupling condenser o/O 01 Tio-farad, Zf 

40 f /a J g / re ? istance °f 20 kilo-ohms , amplification factor of tube of 

of ’inn ^ Sak resista f ce of 500 kilo-ohms and total shunt capacitance 
OJ 100 micro-micro farad. Calcu ate (a) mid band vain (h\ In™** 

amlTnf' hiSh , "T m Stlar frequencies, (c) magnitude and phase 

ansular ■>/ 100. 5000 

(a) Voltage gain of the amplifier at rnid frequency range is 

— pRiRe —p 


Am : — 


r pRi~\‘ r RiRc 


-40 

2 UX 10* ^20x 1U 3 ~ 

500 x 1 0 3+ 25x 10 3 ~ + 1 


% + % +1 


21-74 
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(b) Lower half power angular frequencies <o t is given by 


CO 


1 
C 


1 


r,R i 

j_ r 

1 




0-01x10 


1 


20 xl0 3 x 25 x10 s 

20 x 10 s +25x 10 s 


+500X10* 


= 195 7 radians/sec. 

Upper half power angular frequency « 8 is given by 

1_/1_ 1_ 2_\ 

c,U+*,+/? c J 


Oi 2 


1 


100x10 



11 1 
20x10 s + 25xlO s + 500x10 s 


=920x10* radians/sec. 

(c) Voltage gain at angular frequency of 100 radians/sec is 
given by 

A=~ An - or I A |= Am 


1 


A 


jfjf 

21-74 


VU + (A//)* 


9 9 


id 


V[l+U95-7/100) 2 ]" 

Phase angle ^=180°+tan -1 /,// 

= 1 80® + tan -1 1-957 =243°55’ 

Angular frequency of 5000 radians/sec lies well within the — 
band. Hence voltage gain is equal to A m (21 74) and phase 
-ngle is 1 80°. 

Angular frequency 600 x 10* radians/sec lies close to the upper 
half power frequency. H ence voltage gain at this frequency is 
given by 

A = — or |^J = 


A 


1 +j fiU 

21-74 


\Z{I+(/Z£) 3 } 



1 



(lOO x 1 o 3 



18-2 


180° -tail" 1 (600/920) 


and 

All 


920 x 1 0 s 

The nbase angle ^ is given by 

^= 180 °— tan -1 f/f 2 
= 146°54' 

9. (a) Each stage of a 3 stage RC amplifier has its lower 
upper cut off frequencies to be 1 00 c/s and 1 00 kc/s respectively . 
stages are identical. Find the 3 db bandwidth of the amplifier. 

(b) The first and the second stage of a two s'aqe RC 

amplifier have the lower cut off frequencies to be 100 cycles and 

cycles respectively. The upper cut off frequencies of them are 

kc/s and 100 kc/s respectively. Find the over all 3db bandwidth J 
the amplifier. 
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amplifier ant// be (he lower cut rr 1 b-ecjuency the cascade 
-age. Then Wording Jj ^ “al 

/i 100 

( 2 '/"- 1)1/2 =(2l^Ziji7r = I 96 cycles. 

and //be the b lpper“cm off freL^ncv' cT ? f ! he . cas f ade amplifier 
according ,o equation (3)' rfSlo? ^Ta'/e"*' “*«*• The “ 

./»«=/* (2 1 /"- 1)1/2 

= 100x 10 3 (2 1 / 3 — 1 )i/2 = ]00 v 1A3 V 

The overall bandwidth of the amplifier 

= 51xl0 3 - 196=50-804 kc/s. 

(b) We know that 1 1 


51 kc/s 


1 


• • 


V2 



1 + 


V^ 2 [l+(/ 1 //ln) 2 ]'’/* 

1 1 

100 ' 9 ' x 


(/, 



or 


2 


M£)'H 


70®' 


1 + 


/ 200 



\ f n 

Solving it we have / 1B = 210 cycles. 

The upper cut off frequency f n of the amplifier is given by 


V2 


y{ i+ (.#ny{ '+(- 


h 

100 


or 


2 


i+( 

V 150 



l + f&Jj 



\100 


Solving we have/ 2 „=78 kc/s. 

The overall bandwidth of the two stage amplifier 

~/m — (78 — , 21) = 77'79 kc/s. 

10 . A valve amplifier consists of a valve having an intprnnl nn^rt* 
circuit impedance of 3000 Q and an amplification factor nf^ J 

external impedance is placed in the anode circuit What is the am r 
fication , if this impedance consists of the amptl ' 

id) resistance of 30,000 Q. 

of. no? f Q C ,u il 5 , m r H and 25 Q resistance shunted by a capacitor 

%ZX'#rZ $&. — bc “' s ° pemi ’ d a ~ 

(a) The equivalent circuit is 
shown in adjacent figure. 


Amplification 


pR 


i 


25x30,000 


Jii~\~r 


v 


30,000 + 30,000 

25_ 

2 


125 . 
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(b) The equivalent circuit in this case is shown in the follow- 
ing figure : 

If Z is the impedance of 
A BCD then 

Z -R+faL +JojC 


R - jioL_ . 
R 2 +oo 2 L r+JajC 


R 




R*+w 2 L 2 



or 


-^*+«« a .L 2 f 

At resonance j term should be zero; therefore 

£ -0 


C 


C 


R 2 +ut 2 L 2 

L 


R 2 +uM 2 


Rz+uj*!.* 

L 

C ’ 

L 


or wL 


M 


R s 



Hence 

z= 

II 

Now 


. -f*E gl Z 

T 



r *+RC 




L 

RC 


3> 


L 


Amplification will be 

nL 

vRC+Z 


RC 


25x5 x 1 0- s 25x5 

30 x 10 3 x25x 1 xT0~»+5x 10'* ~ " *0x25x0 001 +T 

1 


25x5 


125 

5-75 


21 * 74 . 


va/v<? amplification factor of 1 and an anode 

ne aZTT* ° f 700 <P * be used as a low frequency ampHfie r 

its low rp^^\ rCUlt trans f ormer has a transformation ratio of 3, and 

amL/iIatiiTf Ce W ! ndi,t S has an inductance oj 10//. Calculate the 
ampiijication for voltage of frequency 100 c/s. 
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I 


P-E gl 


r p -\~jto L 

PE gl 




y/irJ+aMJ) 

Ip j<oL 
pE gl cuL 


wrfq 


y/(r 9 *+ufiL*) 

Amplification 

riE gt npa>L 





V0V + w*L*) 


np 


np 



1 + 





i+ 



^2 x 3 - 1 4 x 1 00)* x ( 1 0) a 

3_x7 

7uuu 


628x 10 



14. 


12 A transformer coupled amplifier has a triode with ampli- 
fication factor 20 ' and plate resistance 10,000 ohm. Effective primary 
resistance — 1000 ohm, effective secondary resistance ^ 9000 ohm; 
magnetising inductance of primary henrys; leakage inductance 
referred to the primary — 0 1 henry, effective total capacitance ccross 


Calculate (/) mid band 


60 


N» 

the primary =400 pf and turn ratio r^=3. 

iV p 

gain. (//) lower half power frequency. (Hi) resonant frequency in high 
frequency range, (/v) gain at a frequency of 20 cycle per second. 

(/) Mid band gain=^i ^-*=20 x 3= 

(t'O rp' = 2?p+rp=- 10,000+ 1 000 = 11,000*2. 

Let f x be the lower half power frequency, then 

2i iff L v —r p 

f. — Jj 1 1000 7g , 

h ~2nL v ~2nx\2 13c/ 

(ill) Resonant frequency / 2 in high frequency range is given by 

r __J 1 

Ji T.ny/(L a C s )~'2r.y/('\ x400x 10~ 12 ) 

=7 9 X 10 4 cycles/sec. 

(<v) The gain A at a frequency of 20 cycles per sec. i.e. A 29 is 
given by 

A m 


20 



1 + 


(& )’} 
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60 


VO +75-69) 


34. 


• , 

13. A transformer coupled amplifier has the following values 
of circuit constants : 

y ahe 6/5 constants ; r P =8*8Ar£, M =15, C gP =3pf C gk =3pfand 
4pf. Transformer constants R d . c =200 ohms R/= 2 700 ohms, 


C 


r v aPI' 1 rans J° rmer constants R d . c =200 ohms R,'= 2 700 ohms, 

L p =45 henry C m =300 pf C v =10 pf, C s =50 pf fc=99 8%, n= 3. 


Both polarity dots are at the top. The following stage is a 6/5 with 
areststarce load and again of 15 £ 180°. The stray and wiring 
capacitance on the secondary side of the transformer is 50 pf Com - 
pute all values necessary to draw a graph between gain and frequency 

Assume L v ' 
former. 


(1 —k) L P and L/ =n 2 L s ' for an iron core trans 


Gain at mid frequency range =/u/i = l 5x3=45. 
Lower cut off frequency /, =- r - v P ^ d ~° 

2nLp 


( 8 - 8+-21 10 * 
2nx45 


31 5 cycles. 


Total shunting capacitv 


n 2 |^*+Cu,+C<„-}- J 

3 2 [50+ 50+{3+(l + 1 5) 3}+p x 300 J X lO" 12 


=2557 pf. 

Total leakage inductance=Z/_ -f 


n 2 


(1 — k) L v +n 2 ( 1 —k) Lpln 2 
(1 — -998) 45+3 2 (1--99 8) 45/3 2 
0*180 henry. 


Resonant frequency 


1 


2 nV(C s L,) 


1 


2ttV(2557x-180x l O'* 12 ) 
=7400 cycles. 

7?',=2700 ohms 

R ,=^=—®—= 300 ohms. 


n 


9 


Q a = 2n f<' L »_ __ 2> x 7-400 x -1 8 _ 0 . 90 




8-8-l-*2+*3 
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EXERCISES AND PROBLEMS 


1. Derive an expression for the voltage amplification of RC coupled triode 
amplifier for : 

(a) low frequency range, 

(b) intermediate frequency range, and 

(c) high frequency range. 

2. Discuss frequency response curve of RC coupled amplifier. 

3. What is the effect of cathode resistance and condenser on the frequency 
response curve of RC coupled amplifier. 

4. Draw and explain the gain and phase shift curves (or RC coupled ampli- 
fier in low and high frequency ranges. 

5. What do you mean by gain bandwidth product of an amplifier ? Obtain 
an expression of the gain bandwidth in case of RC coupled amplifier 
and show that it is independent of the circuit parameters R u R c and C. 

6. Draw the circuit diagram of low frequency compensation of/campli- 
ner. If the filter ciruit consists of a resistance and a condenser (J f 

and the time constant of the coupling circuit is equal to the time cons- 
tant CfR t , then prove that the gain at low frequencies is independent of 
frequency. 

7. Obtain an expression for the high frequency compensation of RC ampli- 
fier. Plot a graph between relative gain | A\ | / | A m I as a function of 
(///,) for different values of Q. The symbols have their'usual meanings. 

8. (a) What are the advantages of impedance coupled amplifier over RC 
coupled amplifier ? 

(b) Derive the expression for the voltage amplification of an impedance 
coupled amplifier for intermediate frequency range. 

9. Discuss the frequency response curve of an impedance coupled amplifier. 

10. (a) Prove that in case of transformer instead of considering a capacity 

C in primary, we can consider a capacity C [(I +n)// 7 ]* in the secondary 
where n is the turns ratio. 

(b) Draw a circuit diagram and its equivalent circuit in case of a trans- 
former coupled amplifier showing all the capacitances evisving between 
different components. 


12 


Derive the simple expression for the approximate voltage gain at the mid 
frequency range of a transformer coupled amplifier ?. 

A triode is used in an RC coupled amplifier. The load resistance is 25 

kilo-ohm, coupling condenser is 02pF, grid leak resistance of the next 

stage is 10« ohms total shunt capacitance is UO^F. The amplification 

factor of the tube in the region of operation is 20 and dynamical plate 
resistance is 15,000 ohms. piaie 


Calculate the voltage gain of one stage of this amplifier in the middle 

frequency range and a ’so the lower and upper cross-over frequencies 

What should be the value of coupling condenser to have a lower half 
power frequency of 10 c/s ? 

L re i iS ^‘ a h nce - capacita " ce coupIed friode amplifier stage has plate load 
^ capac “f ceof 0-05^. The amplification factor 

of the valve is ICO and dynamic plate resistance of 50 K ohm. Grid leak 
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resistance of next stage is 150 Kohm. Calculate (a) mid-band gain, 
(6) lower half power frequency and (c) magnitude and phase angle of 
gain at a frequency of 20/2* c/s. 

14. A RC coupled amplifier uses pentode having amplification factor ft =100, 
dynamic plate resistance 500 K ohm, load resistance 75 K ohm, grid leak 

resistance of each stage 400 Kohm, coupling condenser 0*2ftF, plate to 
cathode capacitance 5/LfiF , input capacitance lOfipF, and stray capaci- 
tance 2/LfiF. Calculate lower and upper half power frequencies, mid- 
band gain and gain bandwith product. 

15. A transformer coupled cascade amplifier uses triodes having amplifica- 
tion factor ft =20 and plate resistance ^*=10,000 ohm. The parameters 
of transformer are; effective primary resistance= 1000 ohm, effective 
secondary resistance= 10,000 ohm ; incremental magnetising inductance 
of prim ary =20 henry ; leakage inductance referred to the primary==0 5. 
henry ; effective total capacitance referred to the primary =80ftftF; turns 
ratio=5. Calculate ( a ) voltage gain in the middle frequency range, 
(b) lower half power frequency, (c) series resonant frequency, and 
(, d ) voltage gain at a frequency of 50 c/s. 


FEED BACK AMPLIFIERS 



increase 
back or 
circuit is 
decrease 


When a part of output signal is combined with the input sig- 
nal, feed back is said to exist. When the voltage returned to the 
input circuit is in phase with the signal voltage, it will increase 
the strength of the signal input and consequently, will 
the gain ; such a feed back is referred to as positive feed 
regeneration. When the voltage returned to the input 
180 degrees out of phase with the signal voltage, it will 
the strength of the signal voltage and thereby the gain; such a 
feed back is known as negative feed back, or inverse feed back, or 
degeneration. 

Characteristics of positive feed back : 

(0 Frequency response curve becomes sharpened or the range 
of uniform amplification decreases. 

(//) Gain of the amplifier increases. 

(iii) If the feed back is enough, oscillations may take place. 

Characteristics of negative feed back : 

(/) Tends to flatten the frequency response curve and extends 
the range of uniform amplification. 

(k) Practically reduces the frequency and phase shift distor- 
tion. 


(Hi) Increases the stability of an amplifier. 

(jv) Reduces the gain. 

(v) Higher fidelity. 

(vi) Less amplitude distortion. 

(vii) Lower ratio of noise level. 

(viii) Less harmonic distortion. 

110. GAIN WITH FEEDBACK : 

The principle of feed back is illustrated in fig. 1. 

In the diagram, a voltage E g is applied to the input terminals 
°f the amplifier. Suppose that the voltage drop at the output 
terminals is V„. Let a fraction of it, aV 0 , be fed back in series with 
input signal in such a way that the resultant signal that appears 
between grid-cathode terminals has the form 

Eg =Ey+aV 0 . ...(1) 

By definition, normal gain A of an amplifier is 

Output voltage _V 0 

“Input potential between grid and cathode E/ 
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or 


AE„'=V„. 


Putting the value of S/GNAl tg 


E„' from (1), 

A(E„ •+- aVo) = V 0 
or AE„=V 0 (1 


f tHTEKNAL 
?1/U0PUFIEA 


Vo 


Aa). 

...( 2 ) 


But the resultant f ° C ' A I I 

gain of the amplifier I • 

including the efiFect of 

feed back is defined as Fig. 1 , Negative feed back principle 

A output voltage _V 0 _ A 

* input signal voltage W„ l^Aa* ...(3) 

This equation expresses the resultant gain of the amplifier 
with feed back in terms of the nominal gain A of the amplifier 
without feed back. 

We draw following significant inferences from equation (3) : 

(1) If the numerical value 1 1— Aa | >1, then A/ < A and 
the feed back is known as degenerative or negative. 

(2) If the numerical value 1 1— Aa | < 1, then A/ > A and 
feed back is positive or regenerative. 

(3) lfAa= + l, 1 — Aa=0 and A/ becomes infinite. This 
shows that the amplifier gives an output with zero input. The 
amplifier then works as an oscillator i.e. a device for generating 
alternating voltage. 

(4) If | Aa | > 1, then 1 — Aa.cz, — Aa. 

. A A 1 

A — — — — - 

— Aa a • 

We now infer that : 

(a) If Aa p 1 , then the gain is inversely proportional to a 
and the frequency response characteristic of the feed back amplifier 
is inverse of the response characteristic of the feed back network. 
Thus with a proper design of the feed back network, the amplifier 

can be made to have any desired frequency response. 

(b) If I Aa 1 p 1, then amplification is independent of A ana 
hence the tube factor. Hence the gain stability of the amplifier is 
improved by feed back provided the feed back factor is large. 

(c) If | Aa | &> 1 , and load does not form a part of the feed 
back network, then the amplification is independent of load impe- 
dance in output. If a is made dependent upon load impedance, 
then the amplification can be made to vary in a desired manner 
with load impedance. 

Thus if feed back is positive, i.e., a is positive, then 

A A 

A ' = nTAT 


A, 


...( 4 ) 
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If feed back is negative, i.e. a is negative, then 

A A 

/ l+A* . (3) 

- The presence of the negave feedback in an amplifier results 
in a number of desirable characteristics as discussed below : 

stability of Amplification : Suppose that the feed back is 
negative and the feed back factor Aa is made large in comparison 
to unity ; then resultant gain will take the fornr *** 

A A 1 

A* « .,((,) 

From equation (6), we infer that Aa is large compared to 
unity : the actual amplificat'on with negative feed back is a func- 
tion of the characteristic of the feed back network only. f n parti- 

CU ar 1 1 ft IQ 1 ^ ^ . a mi it « 


. . - - - »ciwuifc oniy. in parti- 

cular, if a is independent of frequency. A, will also be independent 

\cy This wih substantially reduce the frequency and nhase 

nf Q ninl I J 


of frequency, 
distortion of amplifier 


If Aa > ], then - < A 

a 


and A , 


- < A. 

a 


...(7) 


is less" than h p V€ra ' ! 8 ain . oft . h ® am P ,ifier wi,h negative feed back 
>s less than the normal gain without feed hack. This is the ^nce 

tbatn ? ust be P a,d to secure the advantages of inverse feed back 

a ser,0 r us P rice to Pay since the loss in gain can be over- 
come by ihe use of additional tubes. 

able?r n if e ^ uation ^ is not completely valid, there is consider- 
able improvement in general stability. Taking log ofeq. (5). 

n . ff . . log A, = Iog A-log (1-f Aa). 

uinereutiating, we get 

a cl A 


dAf 

~a7 



dAf 



1 


...( 8 ) 


1 -f Aa 


e/A 
A 


gain and 


represents the fractional change in the overall 

gives the fractional change in A. If, for example, in a parti- 
cular amplifier (1+Aa)=5, the variation in any parameter 

resul ,n a change of only 1% in the resultant gain of the LiplifJ 
mdependen, of frequency provided lha, « is frequency i n depe„- 

^ Vr Ch Cases the frcqucncy and Phase distortion of P -n 

phfier are materially reduced below the non-feed back value * 
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or 


2 — 5a 'Art 




2> 




(3) Redaction of non-linear distortion : We have so far 
assumed that waveshapes of output and input potentials are the 
same. If an appreciable non-linear distortion exists, then the output 
contains harmonic components in addition to the signal of funda- 
mental frequency. 

Suppose B a is the first harmonic generated in the tube when 
large voltage is impressed on the input and B 2 is the first harmonic 
component that appears at the output and differs from B 2 , because 
of feed back, we have 

B/=B 

B, (1+Aa) 

B* 

'(1+Aa)* ...(9) 

If (1 + Aa)=10, then first harmonic distortion with feed back 
is only one-tenth of its value without feed back. 

11 1. INCREASE IN BANDWIDTH OF AN AMPLIFIER DUE 
TO NEGATIVE FEED BACK : 

(1) High frequency performance : 

In case of negative feed back, the gain of the amplifier is given 
by 

A, "r£ r- ■••(» 

At high frequencies, the gain of RC coupled amplifier without 
feed back is expressed as 

“ -( 2) 

where / 2 is the upper cut off frequency. A h and A m are the gains 
of the amplifier at high and middle frequencies respectively. L e 
the gain at high frequencies with feedback be denoted by 
then from equation (1), we have 

(A * ),= 7Tkr- -0) 

Substituting the value of A* in equation (3) from equation (2), 

A m 






(A »)/ 


1 +jf / ft 


1+ a 


m 


1 +jf If 2 


Am 


1 + a A m +jf U 



i , JL 

^/U+aA*) 


Tn case of feed-back amplifier, let fJ represent the uf 

off frequency then . 


,(4) 

cut 
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A 


(A h \ 


1 + aA 


m 


i+f 


...(5) 


Comparing equations (4) and (5), we get 


...( 6 ) 


/ 2 '=/ 2 (l-f a A m ), 

It is clear from equation (6) that the upper cut oft requency 
is increased by a factor (l+aA m ) which * s » of course, grea.er 

than 1. 

(2) Low frequency performance : 

At low frequencies, the gain of RC coupled amplifier without 

feed back is given by 

I A 





A, 


i+jfiir 


..-(7) 


where f x is the lower cut off frequency 
Now (Ai)/= Ai 


• ••(8) 


1 +aA t 

Substituting the value of in equation (8) from equation (7), 
we have 


m 


O,)/ 


i - Jhif 


m 


1 -\~ & 


m 


1 H" a A m jf)lf 


1 -jfilf 




1 + aA 


m 


Jj 1 


...(9) 


^ Al+ a Am) 


In case of feed back a 
frequency then 


plifier let ff denote the lower cut off 


m 


(AO/ 


1+aA 


m 


...( 10 ) 


i -j ff If 

Comparing equations (9) and (10), we get 

/i 


K 


(l+«A m ) 


...(H) 


This expression shows that the lower cut off frequency of the 
feed back amplifier is reduced by ( l+aA m ). 

Conclusions drawn from eqs. (6) and (1 1) predict increase in 
bandwidth as shown in fig. 2. 
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§ 



WfTH £££/» 


r+tut-n 


VAvtr) 


&?£Q</£A/Cy 

it -> i?r^ Ig 2 ’ lDCrease 10 bandwidth with negative feed back. 

11-2. FEED BACK CIRCUITS : 

voltage fed* hart £ eei * c,rcu ' t • ^ 1S the system in which the 
current throng j 0ra . 01 ^P ut °f l ^ e tube is proportional to the 

S feed b 8 acf “ d - ThiS ' ype ° f feed back is k "» wn as 

voltaee fe J hl'epf feed b ? ck drcui * : 11 is th e system in which the 
to the voltage rom ^ he OUI P ut of the amplitier is proportional 

Soilage feed back- * '° ad ' lhis type ° f feed back ' s cal,ed 

tion :7L^r P °r *i eed back c ‘ rcmt : This utilises a combina- 
non ot current and voltage feed back. 

is used C r ent * . * n raost the amplifi ers self biasing 

combina firm e f Se ^ b. iasin g is achieved by connecting a parallel 
vaW b S!i k f a rcs,stance and Capacitance in cathode lead. The 
frf>nn P nr!, f b I PaSS condenser is so chosen that even for the lowest 

tt 0 !* * *?P ut signal, the reactance of the condenser is very 

u naeir this condition the total impedance of the cathode 
. y e neglected for a.c. operation. In this case no feed back is 
achieved. In order to achieve the inverse current feed back, the 
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resistor to the load in the plate circuit. Figure 3 (a) shows the 
circuit diagram of cathode feedback amplifier. The a.c plate 
current flowing through the cathode impedance R c produces an a.c. 
voltage drop which is superimposed on the input voltage E„ to cons- 
titute the voltage E/. 1 olarity of this voltage is such as to reduce 

the signal voltage E„ and hence overall gain is reduced. The cir- 
cuit, therefore, provides current inverse feed back. The feed back 
is affected through the resistor R 0 , the feed factor being R c jZ a . 

The equivalent circuit may be analysed to get an expression 
for voltage gain as follows : 

Voltage feed back=i? e .I p . 

Effective signal voltage E s '= 

From the equivalent circuit, 

pE„' = J p (r v -\-Rt i-f-Z 0 ) 
or P (Ej — i? c I p )=I P (r P 4r^c'f Z„) 


E„-/U 




I 




0 


(r«+ R c -\- Z a)-\- Rc-p 


& 




rp+Ho(‘t/ l )+ Z a rf-\Z a 


•• ( 1 ) 


where r P ' = r p -f R c N -F n). 

Thus the gain of this amplifier 


rA t- v iL 

[A/] £ 


Z„I P 

eT 


/UZ; 



r p ' + Z a ...(2) 

Equation (1) gives the current in the plate circuit and this 
may be interpreted to show that the effect of negative feed back is 
to increase effective internal resistance of the tube from r v without 
feed back to r v ' given by r P ' — r p +R ( (1 + /*)• 

From equation (1) it is possible to draw the alternate a.c. 
equivalent circuit of fig. 3 (a) as 


shown in fig. 4. 

The internal impedance with- 
out feed back = r p -f R c . 

The internal impedance with 
feed back=r P +J? c (1-f 

The ratio of internal imped- 
ance with feed back and without 

feed back is given by 

r v +Rc (1 + tO i . Rc 



• ? c0+*) 



17 


r j>-\-R : 


1+#* 


Fig. 4. A.c. equivalent circuit 
•••(3) of fig. 3 (c) 


r v + R, 


So, if the effective internal resistance of the tube is high com- 
pared with the impedance of the load, the current is sufficiently 
independent of plate load. 3 
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Qm J2') Voltage F<j ed-back j Figure 5 shows a RC coupled 
amplifier with voltage inverse feed- back. Voltage developed across 

rp^ktnr S J S » anCe H Z D 1S c ° u P ,ed b y coupling condenser C to shunt 
resistors R t and i? 2 . Voltage developed across R. is feed back to 

input in a way as to be subtracted from the input E,. 

The normal gain of amplifier is given by 


in this circuit is 


fp-h Z, 


and at 


•^2 + Aj * 



^ig- 5. RC coupled amplifier with inverse feed-back voltage. 

The resultant gain with feed back is 


A/ | 


A 


MZ a /(r p+Z a ) 


1 — Aa 


l+« 


liZ 


r p -\-Z 


#*Z. 


(fp~hZ a +<XflZa 

— yZg 

r p +Z a ft -fa /*) 

— M 


(1 +«/x) 


Z 


/*'Z fl . 


(1+a/*; 


+Z 


rn'+Z, 


where 


and rJ 


...(3) 


1+a^ p 1 + a/* 

Hence the resultant gain is that which would be obtained from 
the tube whose amplification factor is **' and the plate resistance is 
r P . The tube behaves as if it has effective amplification factor ot 

flf there is phase difference of 180° between output and input, the feed 

back is negative as shown in fig. 5, 

Incase of double stage RC coupled amplifier the phase difference will 
be 360° and hence the feed back will be positive. 
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— £ — and dynamical plate resistance rf 

1+a/i 


— — . Thus both 


l-fCty* 


the effective amplification factor 
and dynamic plate resistance have 

been reduced by the factor ( 


as shown in fig 6. This indicates 
that a tube possessing high plate 
resistance, can be effectively con- 
verted into a low plate resistance 


tube and thereby permits an 


impedance match to a low impe- 
dance load ’ 



Fig - 6. Alternate form of a^c. 
equivalent of fig. 5. 


(iii) Compound Feed Back : 

The circuit showing the compount feed back is given in figure 7. 



Fig. 7 Circuit showing compound feed back. 

A.c. plate current flowing through cathode resistance R c produ- 
ces a voltage drop which gets added to the input < voltage E y in 
such a polarity as to reduce it. This, therefore, provides current 
inverse feed back. The feed back factor in this case is 7? C /Z a . 

Fraction 5 Rx n - of a.c. output voltage is fed-back to the input to 

-R2 + /?l 

provide voltage feed back. 

Thus the compound feed back factor will be 




Here we assume that > Z a and the reactance of 

capacitor is negligible over the frequency range of operation. 

The voltage gain with current feed-back is given by 


^Zq 

6 T v -\-2j a +R§ U+^) * 
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Now the voltage amplfication with current feed-back as well 
as voltage feed-back is given by 

Af= ^ e — ~MZ a / r P 4-Z a 4~/? e (1 +/i) 

L — pZa/r • +/*)Ja 

mZ 


1— A„x 


[A,] 


Re (1 

— mZ„ 


which 


r p -rR c (1 -f-/*)-f-Z a (J +ot/x^ 
ay be written in the form 

— M*Z a 


[A/] 


where n 




and r 


rf 4- Z a ’ 

fp-\-R e 


(1+M> 


...(4) 





M- 


1 J r<>UC 


ft 


Cr +a,xt) 


(I+«M) “** ' * (1 +OLH) 

Equation (4) suggests that the 

circuit of figure 7 may be repre- 
sented bv a.c. equivalent circuit 
of figure 8. 

We know that current inverse 
feed back increases the internal 
impedance whereas voltage feed 
back reduces it. Thus the internal 

impedance in compound feed back 0 . . . .. 

is a function of relative effects in ‘ 8 ’ * ’ rffigSST 

two types of feed back, i.e. f it may be increased or decreased. 

11 3. EFFECT OF FEED BACK ON THE INPUT TERMINAL 

IMPEDANCE : 



In this article we shall examine that how the input impedance 

of the amplifier is affected by the presence of the feed back. A 

generalized treatment of the problem will be considered. It will he 

found that the effective input impecance increases for both voltage 
and current feed back. 

u . Voltage feed back : The block d : agram of voltage feed 
back amplifier is shown in figure 9. 




Pjg. 9. Block di 


agrair. of voltage feed back amplifier. 
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The input impedance with feed back is given by 

y E u 

Zi,= p 


From figure 


E 


9 


U 


“E u . 


Z 


if 


=E 

E/-«E 0 

I 

E/— ocAE.' E h ' 


I 


I 


(1 — a A). 


The input impedance without feed back is 

E,' 


Z, 


1 ‘ 




...( 2 ) 


-(3) 


Z 1 /=Z 1 (1 — aA). 

imn ^° r neg a five feed back | (1-aA) | > 1, therefore, the input 

back iS greatCr ,ha " the input 

, . (b) p rrent &«* : The block diagram of current feed 

oacic is shown in fig. 10. 



Fig . 10. Block diagram of current feed back. 

In this case 


But 


o? 


• • 


z lf =~i 


E* 

I 

E/-E, 

I 

E„ EZ f 

"I 


a. 


Z^= 

z 


~ and Eo=E/A. 
— E/ Aa) = ^ 

Z A (1— Aa). 


O' 


i 


(l-Aa) 



..( 5 ) 
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Equation (5) shows that input impedancer, with current feed 
oack is greater than the input impedance witho\rt*fexf*&a<&. 

1 1 4. EFFECT OF FEED BACK ON THE OUTPUT TERMINAL 

IMPEDANCE : 

. The output terminal impedance of a circuit is the impedance 
looking back from the output terminals into the energy source sueh 
that load impedance is connected in the circuit but the input po- 
tential is reduced to zero. Clearly, the output impedance of the 
amplifier is nothing but a parallel combination of the effective 
internal impedance Z, lf and the load impedance Z 0 . We know that 
depends upon the type of feed back, hence the ' 

dance will also depend upon the type of feed back. 

Figure 1 1 shows the output 
terminal impedance of the gene- 
ral feed back amplifier. The 
output impedance Z of is the 
ratio of the current I„ into the 
output terminals when a poten- 
tial E 0 is impressed. Hence 

r* ' Lit. Z 0 

0f ~Z t/ +Z a- ...(1) 

The output impedance with 
out feed back Zj is given by 

7 Z a 





Fig. 11. The output terminal impe- 
dance of the general feed 
back amplifier* 


Z<+Z fl •••(2) 

The value of Z it in case of voltage feed back is given by 

7 Z ‘ 

In case of current feed back 

Z*/:=Zt — AfKfl. •• (4) 

(a) Voltage feed back : In order to find out the output ter- 
minal impedance with voltage feed back, the input source to the 
general feed back amplifier is reduced to zero and a voltage source 
E 0 is applied to the output terminals. The situation is sho^n m 
ligure 12, The internal amplifier circuit is represented by an impe- 



General voltage feed back amplifier for calculating 

tr e output terminal impedance. 
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dance Z 0 . Due to the voltage feed back, an internal voltage source 
of AaEo volts appears in series with Z 8 . 

The current Ig from the applied source is seen to be 


Io 


E 0 A*E 0 


Z 


0 


Now effective output impedance with feed back is 

E 0 Z 8 
Zo/ ~Io “1-A« • 


...( 5 ) 


...( 6 ) 

The equation (6) shows that the output impedance is reduced 
by a factor (1-Aa). 

Alternate treatment : When the feed back loop is closed, let 
the output current I 0 from the generator has two parts : One part 

Ii nows through the amplifier while the other part I 2 enters into 
the feed back loop. Thus 

I u =Ii+I 2 , 


where 


Ii 


E„ — A«E„ 


and I 2 


Eo 

z a — '*“Z,» 

where Z, is the input impedance of the feed back circuit. 


I 


E 


-AaE 0 E 0 


or 


I« 1 


E 


0 


- Aa ( 1 


In general Z« is far greater than Z # , i.e. Z« > Z 8 . 

. I 0 1 — Aa 

** E“ Z„ 


or 


Z 


Z 


0 / 


1 — Aa 


(b) Current feed back : In this case also the voltage source 
is reduced to zero as before, and a voltage source is applied at 
the output terminals. The situation is shown in fig. 13. I t is the 
current flowing through the feed back impedance Z/. 



Fig. 13. General current feed back amplifier for calculating the 

output terminal impedance. 
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Applying Kirchoff’s current law to the output circuit 

E 0 = I 0 Z 0 — AI/Z/ 

Eq 


I 0 Z 0 AZ 


This gives 




Io (Zo-AZ/) 



1 -A Zj - ) 

A zJ 


1 - A (Z//Z „) 

i-A(Z//Z a )* 


Z 0 / = E v /I 0 = (Z 0 — AZ/)/( 1 — AZ//Z a =Z 
11*5. CATHODE FOLLOWER : 

All the amplifiers we have dealt with so far are of the grounded 
cathode type in which the signal is applied between grid and 
cathode, the latter being grounded. These amplifiers are most com- 
monly used. There, however, exist other configurations for vacuum 
tube amplifier, i.e. cathode follower. 

Fig. 14 shows the cir- 
cuit arrangement of a cathode 
follower. 

In this amplifier an in- 
crease in grid to ground vol- 
tage E p , increases the plate 
current \ v and thus increases 
cathode to ground voltage. 

Thus the cathode follows the 
grid in its change of potential 

with respect to ground and 
hence the name ‘cathode 
follower’. 



Tg 



Fig. 14. Circuit arrangement for 

cathode follower. 


When an alternating signal voltage E„ is applied between the 
grid and ground we see from the figure that whole of the alterna- 
ting output voltage V„ is returned to the input circuit. Since the 


1. 


voltage is opposite in phase to E 9% the feed back fraction <* is 
The equivalent circuit of cathode follower is shown in figure 15. 
Fron 


a.c. equivalent circuit. 

Ip (rp+Z^/zE/^ (E„ — V 0 ) 

M/-p+Z a (l+/x)] 


fl (E g — IpZa). 

:uE„, 


I 


mE 


* r P + Za(l + M) 
Thus the voltage gain 


A/= V ’ 


/iZ a 


Eg r 9 -\-Z a (.1+/*) 
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S 


P 

/ 


2 a 


I 


i+P> 


1 


yU 

l-Mt 


I 

I 

Vs, 

I 

I 

I 

I 

.J 


Fi! ' I5 ' of Fi8 - ,6 - E<,uivalMi -“«• 

Since V 0 =l p .Z a , the voltage gain is always less than unity 
and in the limit approaches the value as the ratio^ app- 

S h r B /“Sw» U z°L ,Ube f, Wi,h , large " alue of ™P»a«ioa 

:'l C t e , thegain 15 almost unity, cathode and grid rise and fall 
fofioweM n P ° tent,al by e< i ual am oant, justifying the name ‘cathode 


The expression for current can be written as 


14 /* 

r» 

1+fi 


+Z 


mavI? SeqUation J SUgge L StSthatthe circuit of cathode follower 

, preSented aS shown m 16 - ^om figure effective 
b y nal potential E, and effective internal impedance Z, are given 

E/ = ITm E " 


1 +/*• 

Output terminal impedance 


Z 


0/ 


_ZfJZa {r pi (l +/x)}.Z o 

Z/+Z fl "r P /(l+^+Z B 

T p.Zg /XZ Q 

r V + Z a (l+^gm[r P +Z a (l+ f M)] 

A / 

£m 
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Also input impedance 

=Z,(1 -A«)=Z, (1+A), 

where Z< is the input impedance of the valve alone without feed- 
back. 


Effective internal impedance is very low if n > 1. Thus cat- 
hode follower has a high input impedance and low output impe- 
dance and may, therefore, be conveniently used as a coupling 
device between a high impedance source and a low impedance load. 

Main advantage of cathode follower : 

(0 It is used as a power amplifier with less amplitude 

distortion. 


(//) Its input impedance is very high and so the power drawn 
from the source is small. 

(Hi) It can be used as impedance matching device between a 
high impedance source and a low impedance load. 

(tv) Output is in phase with input. 

(v) Value of output voltage can be changed without the 
change in load. 


11 * 6 . KC COUPLED CATHODE FOLLOWER : 

Cathode follower circuit is widely used as a coupling a 
between stages. Circuit for such use is shown in fig. 17. 


iplifier 



Fig. 17. RC coupled cathode follower. 

In this circuit C, is the coupling condenser, R e is the grid lea 
esistance of the next stage ond C 4 is sum of the effective ou P 
;apacitance of cathode follower stage and the effective input p 
;itance of next stage . 

Fig. 18 shows the equivalent circuit of RC coupled cathode 

’ollower. 

It is generally more convenient and useful to divide the entire 
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Fig. 18. Equivalent circuit of RC coupled cathode follower. 

frequency range into three arbitrary frequency ranges and then to 
calculate voltage gain of the corresponding range. 

(i) Mid Frequency Range : In this frequency range, frequency 
is small enough to make the reactance of C 2 large compared to Z 
and hence C 2 may be omitted. Again the frequency is large enough 
to make the reactance of coupling condenser small compared 
with Z a and may be ignored. Thus the equivalent circuit reduces 
to as shown in fig. 19. The impedance Z of the parallel combina- 
tion of Z a and R c is 



Fig. 19. Equivalent circuit at mid frequencies. 

Plate current at this frequency range will be given by 
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Therefore the voltage gain 

A Y? ly’En /p-[Zq i?o/(Za-l-i?a) ] 

A/m ■»-, — — t? 

Mhg M-jg Ejq 


/* -p Be 

1 +/* ' (Z„+R„) 



i?0 1 

b*«)J 


(Z a +i?o) 


E 


Z 0 +R 


£)+“+■*> 


z aRo )' K ‘ ,r ' . .(2) 

(ii) High frequency range : At high frequencies, the react- 
ance of coupling condenser C x is negligible compared with ./?«. 
Reactance of C 2 becomes significant. Thus the equivalent circuit 
can be drawn as shown in fig. 20. 



Fig. 20. Equivalent circuit at high frequencies. 

We have 

1 1 1 


zrz + ^ +i, ‘' 


The plate current is given by I 


14- ^ 


.E 


(Z A + 


r v 


\ 1+/* 


Therefore the voltage gain will be given by relation 


A fh 


Vp Iy Z h 

Eo E„ 


...(3) 


...(4) 


1+A 


.EfZ s 




E g ( Z* + 


v- 



Z A (1 +n)+r. 


{i+n)+ rp /z h ’ 

S 

where Z h is given in previous equation 

A fh pl{(\-\-n)-\-r v l Za} 


Now 


A/m **/{( 1 +ft) +r P /Z m } 


...( 5 ) 
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q+M)+r p /Z „ 
(i+p)+r p /Z A 

(l+fx)+r P /Z 


m 


l+M-hr P (1/Z~+J^cj 


1 


1 + 


./'ojC 


l+p+r P /Z m 

1 


1 


l-tjwC 2 r' P 


1+7 


/ 


where 


...( 6 ) 


A 

„ r , *- r rl{f J ‘+ l +r P !Z m } and f 2 = 1 /{2nr' P C 2 } 

t - S fe -(l IS lhe upper halP P ovver frequency. The form of eoua 

onlv HW S hC Sam u f ° r , ™ nventionaI RC coupled amplifier The* 
nly difference is that r P C 2 is much smaller than the corresnonHina 

unnTr RC C0 Med amplifier. Due to this fact thf 

tC ™ faal im P £da "“ - » P^allel c„ P m b““ 

(iii) Low Frequency Range : 
ency is low enough to make 

a < <« mi _ 


the reactance of Cj very large 
compared with Z 0 and C 2 
may be omitted. Then equi- 
valent circuit is of the form 

as shown in figure 21 . 

The impedance of ele- 
ments Z 0 , C], R c is 

1 1 1 


In low frequency range, frequ- 

c. 



■f 


•s, 


i+/« 


Z , 


z;+ 


T?o+7 


J 


M, 

1 "XM* 


Et 


JojC 


Fig. 21. 





Equivalent circuit at low 
frequencies. 


Plate current 


E 


7 


V 


1 +/Z 


+z 




i r~ 

Voltage gain at low frequency range is 

I J)7j i 


...(7) 


A 


1 +/x 


. EnZj 


•0 


[(>£) 


+Z 


l 


E 




+/ x ) + r p/Z i 


•••( 8 ) 
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Now the ratio of low frequency gain to medium frequency 
gain can be obtjained. The expression is given as follows : 


An 


1 


A, 


m 


i -jfilf 


...(9) 


where 


fx 


1 


2nC x R 


For typical 
ae order of 


Obviously f x is the lower half power frequency, 
cathode follower amplifier, the value of f x is of the sa: 
magnitude as in a conventional RC coupled amplifier. 

11*7. GROUNDED GRID AMPLIFIER : 

Sometimes this amplifier is also called as cathode input ampli- 
fier. The amplifiers are either grounded cathode (grid input) or 
grounded plate (cathode follower) or grounded grid (cathode input). 
The basic circuit of grounded grid amplifier is shown in figure 22. 
The input voltage is fed from a voltage source of voltage E< and 
internal impedance Z<. In this amplifier, any current flowing 
through the plate grid capacity will return to the plate circuit 

through ground instead 
of returning through the 
input circuit as in the 
conventional amplifiers. 

The control grid in this 
amplifier acts in a dual 
capacity i.e ., as a con- 
trol grid and screen grid. 

It thus helps to prevent 

unwanted oscillations. Fig. 22. Basic circuit of grounded grid 

No neutralization is nee- amplifier. . 

ded even at very high frequencies, and so it is often used in hig 
frequency applications. The path for the plate current m tms 
amplifier is through the source of input voltage as well as tbr° u 8 
the load. So internal impedance of the input plays an importa 
part in the circuit operation and should be included in ths circu 
Figure 13 shows the a.c. equivalent circuit of figure 22. 





E, 




£ ; 


9 




i 


F ig. 23. a.c. equivalent circuit of figure 22 
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Fro 


the equivalent circuit, the plate current Id is given by 

T . /*E,-E, 

X n - 


or 


or 


Z <- \-r p+Z 
But in the grid circuit 

E?= — (E»+Ij>Z<) 

• t ^-MEH-IpZO-E, 

• • X -T) — — — 

Z* +/’p+Z a 

Id (Zt+r P +Z a )= -(fi+1) Ei-pI^Zi 

Ip [(Zt+rD+Z a )+pZ;] =— (*i-f 1) Ef 

T _ 0*+l)E; 

Ip- 


Z a + r P +Z { (fj-j- !)■ ...(1) 

Equation (1) suggests that the input circuit may be represented 
by Thevenin’s equivalent circuit as shown in figure 24. The out- 
put voltage E 0 is given by 

E 0 = IpZ a 

The voltage gain of the ampli- 
fier is 

E„ — I pZ a 
E» = 


A / 


E i 

(/*+D Z a 



r p +z t +,j 





Z a +fp+ Zi i^+ 1) ...(2) 

The input impedance Z in is 


given by 


Z 


E< 


in 




+ 


Fig. 24. Thevenin’s form of 
a.c. equivalent circuit 
of grounded grid amp 
lifie f . 

Za + Tp+Zi (^-+1) 


v 


(f+o 


z ° + , r ’+z, 


(/*+n ...(3) 

Thus the input impedance presented to the input source at the 
grid cathode terminals is (Z 0 +/*)/(**-!- 1) as shown in figure. 

The output terminal impe- 
dance (Z 0 u«)/ of this amplifier is 
a parallel combination of Z * and 
Z 0 , hence 

(7 \ — FjlZg 

{ oUt)f Z t +Z a ...(4) 

where (Z ou t)f is the output termi- 
nal impedance with feed back. 

Advantage of grounded grid 
amplifier : 



<4+1 


Fig. 25. Equivalent input circuit 

of grounded grid ampli- 
fier. 

1. The grounded grid provides an electrostatic screen between 
the input and output of the amplifier. Thus it improves the stabi- 
lity of operation as an amplifier and reduces the tendency of oscill- 
ations even at extremely high frequencies. 
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put voltages? 16 iS n ° phaSe Change between the ou tput and tbe in- 

at ? n ° W that * riod ? is su P er * or to tetrodes and pentodes 

at ultra high frequency since it introduces less random noise. In 

grid acts in a dual nature. 
tT^ adV f n l ageS mentloned in firs t point is obtained in screen grid 

arid triUdP h n ° W U 1S ? Is( ? obtained in triode. Thus grounded 

freaneTnv o re eS an ’ deal am P lifier in earlier stages of ultra high 
frequency amplifiers and receivers. 


11 8. ANODE FOLLOWER : 

Tbe anod ® follower has almost the same gain and impedance 

p per les as that of cathode follower but it has a phase reversal 

and out P ut voltages. It is a simple amplifier with a 
voltage feed back through an impedance. In cathode follower, the 

cathode potential follows the 
grid potential whereas in an- 
ode follower, the anode poten- 
tial falls by the same amount 
as the grid potential rises. 

Thus, there is no justification 
for the name anode follower 
Because of the almost equal 
potential changes in the grid 

and plate potentials, but with Fig. 26. Basic circuit of anode follower. 

reverse phase, the circuit is sometimes called as see saw circuit. 

igure 26 shows the circuit of anode follower. The voltage feed 

back is provided through Z/. Figure 27 shows the equivalent 
circuit of the amplifier. 




Fig. 27. a.c. equivalent circuit of figure 26. 

c , circuit of anode follower is simply one stage of voltage 
leed back amplifier with direct feed back from anode to grid through 
an impedanw Z/. In this case the nodal method of analysis will 
easier. The node equation at G can be written as 
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Representing in terms of admittance, we have 
E fl (Y<-fY/-f-Y„)=EjY < -f-Y/E 0 


E 


where 


Y < 


E<Y<+Y/E 0 

J 

z 


z 


Y/ 


and Y 


1 


Z 


The node equation at P is 


E p En En ( 


z, 


pEp) E n 
+ Z 0 


Representing in terms of admittances, we have 


E 0 


E g (Y/-g w ) 

Y,+Y v +Y 0 


where 


Y 


p 


1 


=~, Y a =~ and g m —^~ 

r V T V 

Combining equations (2) and (4), we get 


En — 


(Yf — gm) 


X 7 


(E.-Yi+YcFn) 


(Yz+Y^+YnT^ + Yz+Y,) 


or 



1 


Y,-g m 


Y/+y p+ y 

(Yf—g m ) 


Mr. 


Yz 


+ Yz+Y 



X' 


E<Y, 


(Y/+Y,+Y 0 ) (Y<+Yz+Y g ) 
Hence the voltage gain A/ b is given by 


A z 


Y* (Y f-g m ) 


...( 2 ) 


...(3) 


...(4) 


Eo 

E; = (Yz+Y,+Y fl )(YH-Y, + Y g )-Y, (Y7^) 


or 


A 


Yi{Yf-g m ) 


fb 


(Y<+Yz+Y g )(Y P + Y 0 )+Yz(Y<+Y 1( +g m ) 


..,(5) 


In order to obtain the output impedance of the anode follo- 
wer, the input voltage is replaced by a short circuit and a voltage 
generator E 0 is connected in the output circuit and the current 
drawn I 0 is noted. Then the output impedance is given by 

z 0 =f- 6 

Io ...(6) 

The circuit for calculating the output impedance is shown in 
figure 28. 


The output admittance Y 0 is 

_Io Ip-j-Ig 

Eq E a 


Y 


...( 7 ) 



508 


Hand Book of Electronics 


% 


From tiie figure 


t E 0 ( #*Eg) 

JLn — — 


and 


ig — Il + I 


__E g Eg 

E„ (Yg+Y i) 



Fig. 28. Equivalent circuit for calculating the output impedance 

of anode follower, 

Y 0 =s E -- ^ — — ) + E g (Y g + Yi) 



[ Yp+ r 0 0 * Y *+ Y *+ Y <) ] 


...( 8 ) 


Again 


E 


Y/E n 


Substituting the value ofE„ from equation (9) in equation (8), 
we get 

Y / (g^+Yg +Y,) 

Y* +Y/+Y„ ..(10) 


Y 0 =Y J) + 


NUMERICAL EXAMPLES 

1. An amplifier has a gain of 400. When the negative feeu 
hack is applied, the gain is reduced to 300. Find the feed back ratio. 

A 


We know that A t 


300 


gr 


l+400a 

3+ 1200a 


"1+Aa 

400 

1 1 +400a 
400 4 
300~3 
4 

1 


1200 


2. The voltage gain of an amplifier is 10 

supply voltage is 200 volts. When negative feea . . 

the gain, with plate supply voltage of 200 volts, is reduced by a 


back 
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factor of 40. Calculate voltage gain with feed back for the two plate 
supply voltages. 

We know that A/= .■ 4 -- — 

1 + Aa 

With plate supply voltage of 200 volts, 

1 000 _ 1000 
40 1 + a*’ 

1 + A«=40 

Aa=39 (feed back factor), 

_ 39 
tt_ 1000 

= 0 039 


i.e. 


Then 


A , 


1000 

40 


25. 


With plate supply voltage of 150 volts, 

800 

Af= " 1 + 800 (U-U39) 

= 2484. 

3. Referring to current feed back amplifier cathode resistance 
i?o=1000 ohms, impedance Z o =50,000 ohms, p=20, r ,,=20,000, 
Calculate 

(a) voltage gain of amplifier, 

(b) internal impedance, 

(c) output terminal impedance, 

For the two cases : 

(i) output developed across Z 0 , 

< ii ) output devoloped across R e . 

Case (i) : (a) voltage gain of the amplifier is given by 

. H-Zq 

/ r v -\-Re (1 +M) + 2.a 

_ 20 x 50,000 

2x 10 4 +21 x 10 8 +50000 
=10 98. 

(6) Internal impedance=r P +/?e (l-f-.u) 

= 2x 10 4 + 21 x 1000 

=41 XlO 3 ohms. 

(c) Output terminal impedance 

internal impedance x Z„ 

" — - - - - — - iB-air -IT — 

internal impedance + Z 0 

__41x I0'x5xl0 4 

41 x 10 3 +5xl0 4 
=22 5.10 3 ohms. 
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Case (li) : (a) Output developed across R e , 


f*R e 

»>+(/*+ 1 ) Ac+Z a 

20x 1000 

2 x 10*+21 x 1000+5 x 10 4 

0219. 


( b ) Internal impedance = 

__2xl0 4 +5x 10 4 

21 

= 3333-30. 

(c) Output terminal impedance— Internal impedance x R e 

Internal impedance -f-i?,, 

_3333"3x 1000 
3333*3+1000 
=775 10. 

4. An amplifier has three stages each with again of 1 00. 
Negative feed-back is now applied by feeding— of the output 

voltage to the input of the second stage. Find the overall voltage 

gain of the amplifier with feed-back. Again if the negative feed back 

is applied to the input of the first stage, calculate the overall voltage 
gain with feed-back. 



A 


t I 

voltage gain of the last two stages without feed-back 

100x100=10,000. 


_ J,UUU. 

For feed-back to be negative, feed-back factor Ax must be 
negative. 

Since A= + 10000, a must-be negative ; then 

— — 0 01 . 

stages’ with feed-back 

59. 


Hence voltage gain of the last two 

_ A 1Q4 

1— Aa 1 + I0 4 x 001 

Overall gain of all the three stages =99 x 100 

= 9900. 
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output 


output 



Again in the second case, 

<x=0-01, 

A=100x lOOx 100=10 6 . 

Hence overall gain in the three stages with negative feed-back 

= A — = 12! _99 99 

1-Aa 1 + I0 6 x0 0l 

5 . An amplifier has an amplification of (2000-f- y • 0) at 2 kcis 
and (600— ;' 1000) at 20 kc/s. Compare the values of these ampli- 
fications if 5% of the output voltage is fed back to the input as a 
negative feed back. 

In the given problem a = — 5/100=— 0'05 

(a) At 2 kc/s. A = 2000+;0 

. A 2000 , „ „ 

• A /=! — = 19'8Z0 


1 — a/4 1+2000x00) 

(a) At 20 kc/s. A =600-; 1000 


V{(600)*-f (1000)*} ^tan- 1 ( 


• • 


A 


1166 Z — 59° 
1166 Z -59° 


1000 \ 
600 / 


1 + 1,600—; 1000) 0-05 


, 116 Z -59 ° 
31 — ; DO 
J 1 66 Z - 59° 
52 Z -58-2 
198 z — 0'8° 


6. An amplifier has a voltage gain of 200, distortion of 10% 
and a normal input of 0 5 volts, before negative feed back is applied. 
When negative feed back with a=005 is applied, then find the new 
gain and distortion. If the amplifier is required to produce the same 
output voltage as before feed back, then find the new value oj the 
input voltage. 

In case of negative feed back, the gain is given by 




A 

1+A, 

200 _200 
1 + *05 x 20 0 11 


Distortion D n ' with negative feed back is 
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D n ' 


D 


10 


10 


909 % 


1+«A 1-f -05x200 ll'' 

For the same output as before feedback, we have 

A/E S =AE„ 

E,=(l-f aA) E* 

=(1 + 05 x 200) 0-5=55 volts. 

7. In a cathode follower, the different values are, amplifica- 
tion factor /x=50, plate resistance r,= 20, 000 ohms , cathode resis 
tance Z a =2000 ohms. 

Calculate 

(a) Voltage gain, 

(b) Internal impedance , 

(c) Output impedance. 

(a) Voltage gain= ; - x ff Za 

f-p+Ai (l+n) 

50 x 2000 


2U,OoO+(50+l) 2000 
0-81. 


( b ) Plate current in cathode follower I 


nE 


/*+(! +/f)Za 


E, 


1 +** 


which shows that the internal impedance is 

20.000 


ry 

1+t* 


+Z, 


(c) Output impedance 



392 1 ohms. 


r^+Za (1 +/*) 


20,000 x 2.000 


, 000 + 2,000 

40,000 40,000 


20+10 


122 


327 1 ohms. 


8. A triode employed as a cathode follower has amplification 
factor of 40 and mutual conductance of 4 m. A/volt. The load 
consists of a capacitance of 1000 ppf Calculate the magnitude and 

? of the voltage gain of the amplifier at a frequency QJ 


79-6 kH t . 

In the given problem g 


4x 10 -3 mho ; n = 40 


r p— — 


Em 


40 


4 X 10~ s 


10* ohms. 
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Reactance of the condenser X c is given by 
^ 1 


2vfC ~ Zx3 l4x79-OXlU 3 Xl00Uxl0- i2 
=■2000 ohms. 

Now \ f is given by 

/*E„ 


I 


A 


r a (1 +^t) 

and the voltage gain is given by 

mZq 

Ej fp + (l +/*) Z 0 

-j 80 x 10 s 
~ 10 82u0 

: a a 80 x 10' 3 

Magnitude A f =~ 


40 x(—j 2000) 


10 4 +(40+l) (-j 2000) 


0-9685. 


V(100+(82) 2 x 10 s } " 

Phase angle =270-t-tan _1 8-2=270°+83-l° 

— 353-1°. 

9. The amplification factor of a valve is 20 and dynamic plate 
resistance is 8,000 ohms. Anode load Z a = 20.000 ohms. Cathode 
bias resistance= 1000 ohms. An audio signal of 1 mV r.m.s. is 
applied between grid and earth. Calculate 

(i) a.c. output voltage when no cathode bypass condenser is 
used, and 

(ii) voltage gain for 1000 c/s. when cathode bypass condenser 
is 10 pF. 

(Hi) voltage gain with fixed bias. 

In this case the feed back is through cathode resistance R c . 

^ ^ ^ r v +Ro (1 + m) + Z 0 

20x20.000 


8 000+1000 (1+20)+200UO 
400000 


49000 


— 8-16 


Now input voltage is ImV 

a.c. output=8-16 x 1 =816 mV. 

(ii) Let the cathode impedance be Z e , then 
1 1 1 


1_ 

Z c 

Z 


R 


+ 


-jX< 

R c 


R, 


+ja>C 


1000 


1 + jcoC R c 
1000 


1 +j Inf 10X 10” 6 X 1000 

1000 


1 + ». 2 n/.l O ' 3 ~ 1 + J. 2 -. 1000 + 10~ 3 
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1000 


1000 


1 + j 2077 


At 


1+; 62*8 

20x20,000 


0-25 (I—/ 62*8) 


8000+0-15 ( 1 —j 62-8) x 21 +20,000 

20 x 20,000 20 x 20,000 


8000+5-25 (1 -j 62"8)+2O,000 — 28005*25 — j 329*7 
j 329-7 may be neglected when compared to 28005'25 

. 20x20,000 

• • Af ^ ~ ^ — 14 j # 


28005-25 


(iii) With fixed bias A=~!^k 


20 x 20000 


r p + Z„ ~ 8000 + 20, 000 

= 14 - 28 . 

10. Following values related to the single stage RC coupled 
amplifier with current inverse feed back are : 

Ri=20 kilo ohms, Rg=\ mega-ohm, E^—250 volts, p=20, 
#m=2000 p-mhos!. 

Reactance of /coupling condenser C may be neglected. Shunt 
capacitance may also be neglected. Calculate the value of cathode 
resistor R k to produce voltage gain of —10. 



Let Zi be the impedance of the parallel combination of Rv 
and R t . Hence 

R,Ri (1000 x10 s ) (20x10’) 


Z t 


|R„ + I?, _ (10u0x 10 3 ) + (20x 10 s ) 

‘19’6x 10 3 ohms. 

20 


ft- 


Voltage gain 


10 


-2005500^“ I0 ‘ ohms - 

— yZ l , 

/ ’j' _ hU t +l) R*~\~Zj. 

20X19-6X10 3 


or 


10 *+ 2 i i? fc +19"6x 10 3 

21 J? k +(29‘6) 10 3 =2xl9-6xl0 3 

21 i?*=39"2x 10 s — 29-6x10*, 

D 9-6 X 10 s 
^=0-45 Xl0 3 ohms. 
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11. For the amplifier shown t calculate the voltage gain and 
effective internal impedance. Reactance of coupling condenser may 
be neglected. 



From the figure feed-back ratio, 

200 0-001 

“ — 200+(l99-8x 10 s ) 

The load impedance 

Zx.=parallel combination of 25 KS2 and 200 Kfl 
(25xl0 3 )x(200x 10 3 ) 

= ' (200 + 25) x 10 3 

=22‘22 X 10 3 ohms. 

Overall gain in compound feed-back is given by 

i^Z L 

~r v + (i+M) ■*?«+(!+#**) Zz. 

20 x 22-22 xlO 3 


... 0 ) 


— 7600+(20 + l) 10 3 +(1 + 20 x0-001) 22-22XI0 3 
= 8 76. 

Effective internal impedance can be obtained from equation 
(1) in the following manner : 


1 + 1 ** 


Zz. 


r p +(^ 1 ) Re 

!+/*<* 


+Zt 


Hence internal impedance 

r«+(n+l)i?c 750Q+(20+l)x 1000 

l+/ia 1+20 + 0-001 


=28000 SI. 

12. In a RC coupled cathode follower as shown on page 516, 
/? c = 1000 ohms , amplification factor f*=40, dynamic plate resistance 
r 2 ,= 10.000 ohms, grid bias resistance 25 x 10 1 ohms, coupling 
condenser C=‘01 pf, grid input capacity of the following stage 
C s =lWpf. Calculate the (a) voltage gain ( b ) output impedance 
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of the the amplifier in the medium rc 
gain at V 5 mc/s. 

(a) In medium frequency 
range the effect of C and C s may 
be neglected. 

The load impedance in this 
case would be parallel combination 
of R c and R g . Let it be Z L . 

e _! L | J Rg + Re 

Z L Rc R g ~ R t R g 


or 



1000x25x10* 



996 ohms. 


1000+25 X 10* RC coupled cathode follower, 


The mediu 


frequency gain A m / in this case is given by 


A 


1 nf 


L 


r 7> + Zi (1 +/i) 

40x996 

10,000+996 X4l 


0-78 


(b) The internal impedance Z t 


Z t 


10^000 
41 


1 +/i 


243-9 ohms. 


The output impedance Z 0 would be parallel combination of 
Z t and Z L . 

Ill - Z t Z h 


1 1 7 _ 

z 0 -z t + z L r °~Z t +Z L 

243-9x99 6 


193*4 oh 


”243-9+996 

(c) In high frequency range C is neglected and let the load 
impedance be Z L '. 


Now 


1_ 

Zi/ 


1_ 1 


1 


1 


-j/oiCs 


k + k +ja)Cs 


+ 


i 


1000^25x10* 


+/ X 2t 7 x 1-5 x 1 0« x 100 x 1 0 


-12 


=(10 04 +y 9*4) 10-*. 
Voltage gain at i*5 mc/s is given by 

nZ L ' 


Aa/= 


'p+Zl (1 + m) 


2^>+(l +/•*) 
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t or 



A hf 


51-04+J9-4 

40 _ 40 

V{(51-04) 2 +(9-4) 2 } 51-8 



0-77 


13. Following particulars relate to the composite feed back 
amplifier shown in the following diagram ; p=50, r v = 20 KQ, 
Z a —50 KQ, R 1 = I KQ and R 2 = 49 KQ. 

Reactance of coupling condenser C c is negligble at operating 
frequency. Calculate the voltage gain and effective internal impe- 
dance of the amplifier for the following conditions : 

(a) R c = 0, no voltage feed back, (b) R c = 0 with voltage feed 
back, ( c ) R c = 1000 ohms, no voltage feedback, ( d ) 7?„=1000 ohms, 
with voltage feed back. 



(a) R c = o ; No voltage feed back. 

The output load impedance would be a parallel combination 
Za and (7?!+/^). 

Z a (Ri + Ri) 50x 10 3 x(l +49 )x 10 3 


Z t 


Za + v^!-t-7? 2 ) 50x 10 3 +50x iO 3 

2500 x 10 6 




pZt 


100 X 10 3 

50x25x 10 3 


25 X 10 3 . 


22 - 22 . 


Z t . 


r v + Z t 20 x 10 3 +25 x 10 3 
Internal impedance=r„ = 20 KQ. 

Output impedance would be a parallel combination of r v and 

(b) R t — 0 ; voltage feed back is used. 

The a.c. equivalent circuit in this case is given below t 

1000 


a 


• 02 . 


50000 
From the figure 
Ip ( r p + Zt) : =/-tE ! ; = /i [E,- + *Eo] 

=/i[Ei+a ( Ip.Zt)] 
/uE ( 


Ip 

WM/W — 

£ 


Q) uE 9 


25X10 


or 


I 


r jj+Zi. ( 1 -F/**) 


4- 
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Voltage gain A t b 


lpZ x 

Ei 


— l 


r„+Zr, (l+/«c) 
50x25x10 s 


Effective internal impedance 


20x 10 3 +25x 10 s (1 + 50X-02) 
—28-83 

r P 20 x10 s 


1+yxa l+50x‘02 

Output terminal impedance would be a parallel co: 
of effective internal impedance and Z £. 

(c) i? e = 100012, no voltage feed back. 

The a.c. equivalent circuit is 
shown in figure. 

The current l v flowing in the 
circuit is given by 
1» (Be + r p + Zx) = 

= /* (E<— IpRe) 

bE{ 


10 KQ. 
ibination 


or I 


r p -\-R t (l+/*)+Zi, 



A n 


l P Z L _ 


^Z l 


E t 


r p +Rc (1 +/ X )+Zx, 
-50 x25 x10 s 


20x 10 s +l000 (l + 10)+25xl0 8 

= - 20 - 68 . 

Effective internal impedance=» „-{-/?<: (1+f*) 

=20x 10*+1000 (51) 
=71 x 10* ohms. 

Output impedance would be parallel combination 
internal impedance and load impedance Z i. 

(d) i? c =1000 ohms ; voltage feed back is used. 

In this case, we have 

Ijj (Re-{~r P -\-Zii)—fJ-Eg 

= /A [Ei -f- aE g — \pRc\ 

— Z 4 [E* — slpZx, — 

j Z*E< 

” * (l+M)+Zx.(l+aZi) 

Z 4 


1+a/x 


E, 


rv+Be 0+Z 4 ) 


+Zi. 


Internal impedance 


a/i+1 

r„4- O 


m) 
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_20xl0 3 +1000 (1+50) 

(1+ 02x50) 

=45-5A£. 

A _ —pZl 

fb r p +/? 0 (l _ h^')+^t(l + a M) 

_ -50x25x10* 

20 x 10*+1000 (1 + 50) +25x10* (1+ 02x50) 
= -13 9. 

14. A grounded grid amplifier uses a triode having p=20, r v — 
10,000 ohms and load resistance 12000 ohms. The impedance of the 
input voltage source is 1000 ohms. Calculate the voltage gain and 
output terminal impedance. 


A _ (1+m) 

/_ r,+/?L+ Z,(l+/x) 

(1 + 20) 1 2 x 1 0 3 
— 10*+12x 10 8 +10 3 (1+20) 
= 5-86. 


Input impedance Z, rt 


■^i + r 3>+Zf (1 +n) 


1 +/x 

12x 10 3 + 10 4 +10 3 x 21 

21 

2 04 x 10 3 ohms 


Output impedance= 


Z i n y.RL 

Zin + Bl 


2x I0 3 x 12x 103 
2 x 10 3 + 12x 10 s 


1-71 x 10*12 


EXERCISES AND PROBLEMS 


1. Enumerate the various types of feed back used in amplifiers. What art 
the advantages of using negative feed back ? 

2. Discuss the advantages and disadvantages of applying negative feed back 
to an amplifier. 

3. Obtain an expression for the gain of an amplifier using negative feed back. 
Explain why the application of the negative feed back to an amplifier 
improves its frequency response curve and reduces the distortion in the 
output. 

4. Describe the effect of negative feed back upon the stability of an ampli- 
fier. 

5. vVhat do you mean by : 

(a) current feed-bacK, 

(b) voltage feed-back, 

(c) compound feed-back ? 
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Derive the expressions for the gain in all the three cases. 

6. Show that the cathode follower is a negative feed back amplifier and prove 
that its voltage gain cannot exceed unity. 

What are the main advantages of cathode follower ? 

7. Derive the expression for the gain of a RC cathode follower for 

(a) low frequency range, 

(b) mid frequency range, and 

(c) high frequency range. 

8. What are the special characteristics of the cathode follower circuit ? 

Derive an expression for the voltage gain of a triode used as a cathode 
follower. 

9. Draw a circuit diagram of cathode follower using a triode valve. Obtain 
expression for input and output impedances. 

10. Describe grounded grid or cathode input amplifier. How it reduces the 

tendency of oscillations ? Show that it is an ideal amplifier in U.H.F. 

circuits. 

11. An amplifier has gain of 100 [ISO. When a negative feed back is applied 
the gain is reduced to 25 1 180 . Determine the feed back network. 

12. There aie two stages in an amplifier. Each has a gain of 50. Negative 

feed back is applied by feeding 1/100 of the output voltage to the input. 

Determine the overall voltage gain of the amplifier with feed back. 

13. An amplifier has voltage gain of 5000 with normal plate supply voltage 
and a voltage gain of 3000 with reduced plate supply voltage. A negative 
feed back ratio £= — 0*005 is applied to the amplifier. Calculate the 
voltage gain wi ih feed back under the two conditions of plate supply vol- 
tage and find the percentage reduction in voltage gain caused by redu- 
ction in plate supply voltage under no feed back and under feed back 

conditions. 

14. A cathode follower circuit employs a pentode having r P =250K ohms., 
gm=4mA/V 9 C 0 ic— 5pf and its screen grid is decoupled to the cathode 
by a capacitor of negligible reactance. An impedance Z=(400+j300) 
ohms is placed in cathode lead. Obtain expressions for, and hence 
evaluate (a) stage gain, ( b ) output impedance and (c) the input impdeance 
at 4 mc/s. All other capacities may be neglected. 

17. A triode used in a cathode follower stage has an anode slope resistance of 

SK ohm, and \l— 25. The load resistance in the cathode circuit is 12K 

ohm, and the resistance between grid and cathode is 2 Meg ohm. Deduce 

expressions for and hence evaluate the input and output resistances of 
the stage. 

16. In a current feed back amplifier, the amplifier factor /*= 40, mutual 

conductance g m = 2/w/f/volt, load resistance R o =40xl0 3 ohms, grid 

leak resistance R g =2Meg ohm., cathode resistance /?*=100P ohm. 
Calculate : 

(a) voltage gain of the amplifier. 

(b) internal impedance. 

(c) output impedance. 

Assume reactance of condenser to be negligible. 
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17. Following values relate to the single stage RC coupled amplifier with 
current inverse feed-back. 

R l =20K ohm. R g = IMeg ohm, E bb = 250 volts, p= 20, g m =20C0 

(X mhos. Reactance of coupling condenser may be neglected. Shunt capa- 
citance may also be neglected. Calculate the value of cathode resistance 
to produce voltage gain of — 6. 

A grounded grid amplifier uses a triode having ^ = 20 and /-^=89CO ohms 

and has load resistance of 13,000 ohms. The impedance of the input 

voltage source is 1000 ohms. Calculate the voltage gain and output 
terminal impedance. 
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AUDIO POWER AMPLIFIERS 



The primary function of voltage amplifier is to increase the 
signal voltage from a low level to a reasonably high level without 
distortion i.e.. keeping the signal waveform unaltered. To achieve 
this object, load resistance is kept high and grid current is avoided. 
If the grid current is allowed to flow during a part of the signal, 
the grid to cathode circuit would offer non-linear resistance. This 
will produce a distortion. Thus we can say that when an a.f. ampli- 
fier works under class A conditions, it works as a very good voltage 
amplifier and amplitude distortion is very much reduced. 


On the other hand, the function of power amplifier is to incre- 
ase the signal power from a low level to such a high level as maybe 
required by the load with very small grid driving power demand. 
To get the high power output, the tube operates beyond the linear 
range of its characteristics i.e. the operating point is allowed to 
make excursion beyond the linear range of the tube characteristics. 
By doing so, the ratio of average value of plate current /& to the a.c. 
plate current /„ is reduced. Its effect is to convert a large fraction 
of d.c. power from the supply into a.c. output. Thus the pin e 
efficiency is increased and the wastage of power is decreased, tne 
increase of plate efficiency is at the cost of distortion. The harmon 
components increase in magniti-.de as the signal amplitude i 
increased to larger and larger values. It is essential to reduc 
distortion in power amplifiers. Two techniques are used 0) 
pull operation and (w) tuned circuit as the plate load. *o 
amplifiers may be operated under class /t, class B and class 
any point between these limits. If the operation is more or 
linear, the equivalent circuit method is applied otherwise the g 


phical method gives accurate results. 

The plate circuit efficiencies under classes A, B and C ©Pf*® 
tions are in increasing order, but at the same time harmonic 1 
tion increases in similar order. Radio frequency power amplme 
conveniently utilise B or C operation with high plate circuit 
ency because the tuned circuit eliminates all distortions. In 
frequency power amplifiers class A and B operations alone ca 
used. To reduce distortion, push-pull operation is always 
class B audio frequency power amplifiers. Class C audio fieq 
operation introduces such a large distortion that even pus p 
operation cannot handle it. 
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12 1. CLASS A x UNTUNED POWER AMPLIFIER : 

These amplifiers are known as low frequency power ampli- 
fiers. The circuit of these amplifiers are the same as that of low 
frequency voltage amplifiers except for the output circuit, which 
may be series fed or shunt fed. In series fed circuit both a.c. and 
d.c. of the valve flow through the same load while in shunt fed 
the a.c. flows through the actual load and d.c. flows through the 
subsidiary circuit. Here we shall discuss series fed A x power am- 
plifiers. 

Series fed Power amplifier : 

Figure 1 (a) shows the basic circuit of an untuned class A x 
series fed power amplifier using a triode valve. Its equivalent 

circuit is shown in figure 1 ( b ). 



Fig. 1 (a) Triode as a power ampiifier. 



Fig. 1 (f>). A.c. equivalent circuit. 

We know that in any amplifier, the power is fed to the vacuum 
tube from the three sources; (i) from grid circuit, (//) from plate 
circuit and (it/) from cathode heating circuit. Under class A x opera- 
tion, the power from grid circuit is negligible. The grid voltage 
controls the plate current or we can say it controls the a.c. power 
output. When grid singal voltage increases, the amplitude of a.c. 
plate current increases and thus the a.c. power output increases. 
The power supply from the plate power supply is important and 
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constitutes the major part which require careful study Here we 

c a omp4 nfan^^tK IT* " 

wiupuuciu ana (D) the load is purely resistive which i c /?. vlf u:„ h 

w'trrcaa'vetoad" VheT^Hr Hne rath f r,llan e'iptical as obtained 
in fie 2 For ?hi l h '? ad lme ° ve . r pla,c characteristics is shown 

under' -zero sieVaP ‘°?? lc ? ““'l 8 ' 5 we sha " consider the circuit 
unaer zero signal and ‘with signal’ conditions. 

Under zero signal (or quiescent) condition : 

res needle Tv a ?iL , be zero sign . al current and P^te voltage 

is given by ‘ be l ° ta power su PP lied by the plate power supply 

T , /V |_i * . . ^bb , M (1) 

D lat e dk<.inat;n po . wer Pbb is . used in two parts : a part is used as 

dissinatfr>n F - heat atplate and the rest in the plate load. The plate 

dissipation is equal to the v 

product of the voltage across t 1 ' f °'° 

the tube and current flowing 
through it /.<?. 6 

Edo — Eq.[q f •••(2) 

where P d9 is plate disspated 
under zero signal condition. 

The power absorbed in 

plate load is given by 

2 ° -O) 

For series fed amplifier 

Ebb = Eq-\-Iq R l 

or l q E bb =i q E q +I* r l 

or E bb =p d . 0 . + P d . f , .. f4) 

Operation with signal: 


Bd. e . — I q 2 R^ 





Fig. 2. Output current and voltage 
waveforms in a series fed A x triode 

power amplifier. 


current hL ^ nsider that a § rid signal is applied, then the plate 

erid sional h C co . m P onent as well as a c. component. Let the 
grid signal be a cosine wave represented by 

e »= Eom cos lot. ...(5) 

e average power input from the plate power supply E bb is 




E bb i b d (out) 

Ebb d (cot). 


..-( 6 ) 


Q ••■V'V 

sine wave fnr C tv, mp ° nent - b^ ate cur rent is’usually not a pure 

.he «**”** * 

ou,p^£SS? component of the 

P current would be pure cosine wave and hence 

Ip °— / Ofm =/ J , am== o 
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P 


b8 


1 (** 

Ebb ” 1 * 2 ^ J E bb (Ipim COS (ot) d (o)*) 


Ebb Iq+Ew I Plm 


i r • 
* 2 ^L S1 


sin not 


2V 


0 


= EbtIg. ...( 7 ; 

This is same as equation (1). This shows that for a linear 
class A i operation the power input to the circuit from plate supply 
source is constant whether the signal is present or not. 

The power delivered to the load is given by 

- — R, 


Pl 


But 






in 


0 


(Iq+ivY d[0Jt) 


In 


fq i p d {cot ) 



• • 


where I r . m . s 
the current. 


P 


h* R L dicot)-- 

_ 0 Z77 

* v d(«,t)+r i^d^n+i 

0 Jo 

plm cos cot and /, is constant d.c. current 

PL = RL{h 2 +l\ m-. +/«.0], (81 

is the r.m.s. value of the fundamental component of 

PL=Pd-c--\-Pa c • (where P a . c . is a.c. power output) 
i 2 ( 2w /cos cor-h 1 \ x 

1 [ 2 ) d<u,l) 


Q’C* 


2 n 



2 

2 * 


! m 


Rr 


o 


2 


— a. Rl •• (9) 


t. I V 

Now according to the law of conservation of energy 
Pbs == P P d-8' == P Pq'C'~\~ Pd'8'i 

where P bc is the total power supplied from the source, P d . c . is the 
plate dissipation in the tube with signal. 

From equation (1) and 7) we have 

Pdc--\~Pd- 0 —Pd'C> J (-Pa-<.A Pda- 

Pd-s—Pa-n- Pac- ...(10) 

Equation (10) shows that plate dissipation with signal is less 
than that without signal. The difference of the two is equal to 
the a.c. power output across the load. This fact is very helpful in 
designing the power amplifiers. The amplifiers are designed for 
maximum plate dissipation under signal condition. 

Out of the total power P bb received from plate supply source, 
the part P a . c . is available as the useful a.c. output power. The 
percentage plate circuit efficiency is given by 

Vv— X 1 00 = X 100 percent. 

X Kj 


Eijfr * / r 


w w » v ■ 

The d.c. power in the load does not provide useful power out- 
put. In order to increase the plate circuit efficiency h should be 
as small as possible. High value df /„ is responsible for low plate 
circuit efficiency of class A amplifier. To increase it *he operations 
B and C are used. 

12'2. MAXIMUM POWER SENSITIVITY OF SERIES FED 

A, POWER AMPLIFIERS . 

It is clear from the previous article that to have a high plate 
circuit efficiency, the useful a.c. power output must be maximized 
The output depends upon (i) tube, (ii) plate supply voltage E bb 
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(Hi) magnitude of input signal and (iv) load impedance. For the 
purpose of present analysis we assume that (/) the tube, (if) linear 
c ass Ai operation, (Hi) grid signal voltage and (jv) zero signal 
operating point are prescribed and only variable left is load impe- 
dance which is assumed complex for the generality. Hence 

Z a =RL+jX L . ...0) 

Considering figure 1 (b), the a.c. plate current I„ is given by 

_ ME g nE„ 


I 


fp+Zo (r p+Rl)+j'X l 
nE, 


Magnitude /„=- 

’ [(r,+/fe)*+*L a J , ' ir 

The a.c. power output is given by 


...( 2 ) 


P 


a-c» 


IJ.Rl 


iPEg 2 R t 


_. (r v +R L )*+X L < ' •• (3) 

1 he power sensitivity is defined as the ratio of useful power 

output to the square of grid signal voltage 


Power sensitivity 


P 


E , 1 


H % Rl 


( r p +R L )*+X L 2 ‘ -(4) 

Equation (3) indicates that for large power output, the input 

signal must be large and if the signal is weak it should be amplified 

before feeding to the power amplifier. The power output also 

depends upon Rt and X L for a given tube and input signal. To 

maximize the power output both Rt and Xt may be variable and 

hence three conditions are possible (i) Rt alone is variable, (ii) Xi 

alone is variable and (iii) both are variable. If both Rl and ^ 

vary independently, the condition becomes very complex. Hence 

we assume that Rl and Xt vary in such a manner that XtlRi ' s 
constant. 


(i) When R L alone is variable : In order to get the condition 
of maximum power output, we differentiate equation (3) with 
respect to R L and equate it to zoro i.e. 

Mjl±- il 2V2 \(rv+Ri) 2 ~X L *-2 (r v +Rt) Rl 
dRt ° l 

or ( r,+R L )*+Xt •- 

or Rt- »/rr_24-y.2i ...(5) 

(H) 


G 


{(rv+RLF+Xt*}' 

2 (r„ -f- Rl 
V(r, 2 +X L *). 

When Xt alone is variable : It is clear from equation (3) 
that when Xt alone is variable, P a -c- is maximum when Xl— 0- 

(i/7) When Z a is variable : If Z a is variable such that 
XlIRl—Q= constant, then equation (3; can be written as 

p'E.'Rl 


a«c 



(r P +R L ) 2 +(Q RtY 


SES \ ( r *+RQ i +<PRiY-Ri.{2( rp +RL)+2Q i RL} 1 n 

L {(f P -tRL)Q 2 +[RirY J 
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or (/-p+W + te RlY^Rl {Arp+i?/.)+2e 2 ^} 

or r P —\/ [Rl 2 +X l 2 )= Z a . •••(6) 

In most cases Z a is pure resistance R l i e. Xi—Q. In that case, 
the power output is given by 


'“■-m dk? 


..-(7) 


From equation (5), it is maximum when Rl=^v i- e * l° a( J 
resistance is equal to the source resistance r p . The power output 
so obtained (when r P -=Ri) is the maximum power available from 
any energy source and is defined as available power (P a v ). 

( a Eg)* r v P 2 Eg 2 {SmEj>} 2r P 

Hence Pav-(Pa^) 


max • 


( 2 r p f 4 r v 


...( 8 ) 


Now maximum power sensitivity is given by 


Pac- 

E 2 

^9 


4 r v 




Again we have 

P a . c . ll 2 E 0 2 Rl 


(r P + R lY X dE a 2 ~~(.r p -\-Rl) 


4 r v 


Rl 


av 


X4 r v 


(/ Pi R 




Figure 3 shows the variation 
of ratio P a . e ./P av with ratio R L lr p . 
It is observed from the figure that 
the curve is symmetrical on either 
side of value R^r?— 1. This is due 
to the symmetry of the denomina- 
tor of equation 10. It is also 
observed that the output is maxi- 
mum when RJr p = 1. 


In equation ( 9), the quantity (/a 2 /4r P ) is known as figure of 
merit of the tube and depends on the tube construction. Since r P 
is required to be equal to load resistance, it is preferred to use a 
low r v tube to have a reasonable amount of power output with 
usual value of plate supply voltage. 

12-3. SHUNT-FED AND TRANSFORMER COUPLED 
LINEAR Ai POWER AMPLIFIERS : 

In series fed A x power amplifiers the load is directly connected 
to the plate but sometimes it is not desirable. One of the reasons 
being that the considerable amount of quiescent direct current 
flows through the load resistance causing a large wastage of d.c. 
power. The d.c. power contributes nothing to the output a.c. 
power. Secondly, the load resistance of an audio power amplifier 


I 



Fig* 3. Variation oi' a.c. power 
output as a function of R L /r P . 
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may be the resistance of voice coil of a loudspeaker and it is un- 

P°, a v r,Sat J° n °f ! he co }}- Hence transformer coupled load iJ gene- 

sbns P s r hu^ e L in rn Ud !I ) i P f 0 ^ er amplifiers * whereas on rare occas- 
sions, shunt fed (parallel fed system) is used. 

Shunt fed circuit : The circuit of a shunt fed system is 
shown in figure 4 . The system is often called as impedance capa- 
citance coupled system. Generally, the inductanT^SST a 

negligible small d.c. resistance. 


In this system the plate supply 
is connected to the plate of 
the tube through a high in- 
ductance L, the load resistance 
being connected across the 
output through a capacitor C. 
The inductance L must be so 
chosen that a>L > R L and C 
must be chosen that I/10C4 R L 

over the operating range of 
frequencies. 


£ 


% 



h 


£ 


6b 



cc 


Efficiency of shunt fed power amplifier : 
d.r and a.c. load lines for this amplifier. 

^Cl-o 


Fig 4. A parallel or shunt fed power 
amplifier. 


Figure 5 shows the 


£ 


cc 




/ O/AMM/C v 
% LOAOUH/E \ 

f )&&¥'* -r//? L 


4 


017U71, 




< STATIC 
i\ LOAD LINE 
l — SLOPE— - 1/R 


i> TTuai, t ^hb t i>f7uuc 


% 


Fig. 5. Dynamic and static load lines of shunt fed amplifier. 

F' rSt of all the operating (quiescent) point Q is obtained from 
the in ersection of the d.c. load line and the characteristic for he 
In ihis case the plate current through the tube is determined hy 
the small resistance R of the inductor L. As the d.c. resistance of 
the induc.or coil L is negligibly small, for simplicity it is assumed 
USf c ' s to ^ro. The load line will be perfectly vertical 

J ^°w thc ne xt step is to draw the a.c. line passing 
3 ? d haV J ns a slo P e corresponding the a.c. impedance 

of the circuit. The a.c. impedance is equal to * ' 
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of inductor L at input frequency is large and may be neglected. 
The reactance of C in comparison to Rj. is very small and is neg- 
lected. 

n (If, max — If) m<«) (Efc max Ej min) 

•* l»C« “ 


8 

The total power drawn from the supply voltage E bi is 

P bb = E b b X If, 

b max + I& min 


... 0 ) 



2 J since R d . c =0 

The efficiency i] is given by 

(If, mo* — Ift min) (Ef> max Ef, mtri )/8 


...( 2 ) 


...(3) 
= 2 E b , 


max + mtn)/2 

(I& max Ifr minl(E 6 max E 5 tn/n^ 

4 Ej> (Ifr min 

When large signal is applied, 1& max- c =2 I b and E& max 
If, mi n =0 and E & n,i„=0. Hence maximum power efficiency is 

glVenby (2I b -0)(2E & - 0^ v c/ 

*> = 4E 6 (24) U /o ‘ 

= 50%. 

Thus using an inductively load a better efficiency may be 
achieved. 

Transformer coupled amplifier : 

The transformer coupling is useful when very low impedance 
such as the voice coil cf 


...(4) 


loudspeaker having resis- 
tance of a few ohms is 
to be fed from a power 
amplifier. The transfor- 
mer used as a coupling 
device is commonly a 
step down transformer. 
The circuit arrangement 
of a transformer coup ed 

ampbfier is shown in 
figure 6. 


Np 44 



Fig. 6. Transformer coupled amplifier. 


From ideal transformer, we have 


N v 

N 


'O’ 


8 


and 


I -Zl\ 

lv ~N v *' ' 


where E r and E 0 are the primary and secondary potentials respec- 
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E, / AL \ a F. 


^_(Hv V E 0 

h ~\N t ) r- 


...(5) 


form Den0ting Eplh by Rl ' aDd ^ b y equation (5) takes the 

„ **'-(&)’*• -.(«) 

s raws 

given P by eflected from the secondary to primary which is 


Rr,f=R L ' 


(£) 


Ri. 


•••(7) 


impeS„Ve1r 8 elida P r y da “ Ce depC “ dS “ P ° n * he ra,io aad 

how^pp 3 !!^ 11 ^ 'j true ^ or . an ’deal transformer. In general, 
lected fliid ,® ec ® nt ! ar y a !?d primary, resistances can not be neg- 
should nicrt k e to imperfect coupling, the leakage inductances 

th “ e fac,ors int ° accouotl 

Z,=Rl {k ) + *’+' r - (£f) +/» [£,+£. (■£)'], 

r^n^ d ?’ are i he d - c - resi stances of the primary and secon- 

and^ secondar)^ respectively ° d L ' "* leakaSe inductances of priraary 

for ^Jr^sformer coupled amplifier the d.c. load line is drawn 

ini YhJ ipoiS' 0, 0a , d llne is drawn for (Rl+R,))(N v JN')\ neglect- 

g akage inductances. Fig. 5 also applies for this coupling. 

12*4. MAXIMUM UNDISTORTED POWER : 

, In the region of small plate current, considerable curvature of 
.. p f. 6 c ]? arac t er| stic exists which causes a distortion. Hence in 

£22 ,on “ ee class .^ operation, in order to obtain the maximum 
possiDle output, without making the instantaneous plate current 

'louring the most negative part of applied signal, and 

WJthout driving the grid positive at the positive peaks of the 

applied signal, it is necessary to maintain a careful balance among 
e grid bias, load impedance plate supply potential and plate 

resistance. 

Figure 7 shows the graphical construction for the determina- 
tion of operating conditions for maximum undistorted output 
power. I v nin indicates the minimum plate current below which 
operation is not to be allowed in order to avoid distortion. 
Secondly point of operation may be allowed between zero grid 
bias and a negative grid bias which yields plate current equal to 
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Ip nun. Thirdly, we have assumed that above the horizontal line 
corresponding to plate current of Ip min. plate characterises are 
almost linear with a slope corresponding to Z 0 and hence amplifi- 
cation is distortion free, i.e. Z a = tan 6. 



Fig. 7. Output current and voltage waveforms in triode amplifier. 

From the fig. 7, <f> is the angle which the straight portion of 
the characteristic makes with the voltage axis, i.e.. 



and change in E, _AB 

change in /„ p 2/ 0 ‘ 

So that AB=2I 0 r v . 

Again E Q --^E A +2I 0 r p +E 0 
but since E A =Z a / 0 , 

we find E Q — EA-\-2I 0 r p -\-Z a I ll 

= Ea-\-I 0 (Za + 2/p 

Solving this expression 
for /„, 



Eg — E a 

Z a +2r p ■ 




The a.c. power to the 
load is given by 


Fig. 3 . Output current and voltage wave- 
forms in triode power amplifier. 



IfZ a 

2 


( E q -E a l 2 4Z a /2r p 



A sketch showing a variation of the power output as 
ction of Z u [r v is shown in figure 8. 




A 
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In this case output reaches a maximum when 


9-Pa.o. 


dZ. 


0. 


Equation (2) in a simplified form can be written as 




(E^EaY.Z, 


(Z 0 +2r,,) 


or 

or 


i(J 1I JuYA(Z P +2 rp )*.l-Z a 2 (Z n +2rJ\\ . 

(Zf+fiJ* —~0 


dZ, 


(Z a +2r P )-2Z a =0 

Z p —2r P . 

outnm he t r h e e f Tm’H in 7 ° r c d h er S u btain t ! le ma ximum undistorted power 
nce r *- Let the maximum value be denoted by ( P a . e -) ma theD 


(Pa- e) 


max 


(E q -EaY 


and 


Pa-e 


(Pa-e •) 


16 r P 

4 (Z a l2r P ) 


...(4) 


'max (1 +Z a /2r p f ‘ 


.45) 


” — • l'/ X W 

The optimum grid bias for these conditions may be obtained 

IV. When the nnint nf Aooro^AM «Mniroe frr % m 


• • wuuiuvub 

the following way. When the point of operation moves from 
point m to F, the grid voltage cha nges by an amount equal to E e 
and the plate current changes by 7 0 . Hence 

pE c _ 

...( 6 ) 


h 


Z a -\-r p 


From the equations (1) and (6), we have 


(Eg — Ea) [xE, 


Z p -\-2r P Z a +r v 


For load Z a =2r p , we have 

(Eg — E a ). 3 . r p = n . E e A .r P 


or 


e c= Me*-f a ) 


4/x 


...17) 


. . The value of Ea can be obtained directly from plate character- 

lstics. With the help of equation (7), we can obtain the value of 

v* a«c /mo** in terms of E e . Substituting the value of (E q —Ea) f f0 
equation (7) in eauation (A\ we have 


# "O* UUV/JillUUUg 

equation (7) in equation (4), we have 






■=(r 


pE, 


y - 1 

/ 16r 


\*E t 


2 
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When the gi id is driven to zero volt, the peak value of the 

sinusoidal input signal is equal to E c and the r.m.s. value of input 
signal. E q is equal to E„ /■)//. From equation (8), 

• • (P a-c-')max'~al i KmEfi •••(9) 


and power sensitivity 


(P a-e- ) 

En 2 


ma cr. 


= g Pgm- 


...( 10 ) 


12-5. THEORETICAL PLATE CIRCUIT EFFICIENCY OF 
TRIODE POWER AMPLIFIER : 


An approximate ex- 
pression for theoretical 
value of plate circuit effi- 
ciency t) p may be found 
by considering the tube 
to have ideal character- 
istics, i.e., perfectly li- 
near, parallel and equi- 
spaced for equal incre- 
ment of parameter. 

Figure 9 shows the 
ideal plate characteristic 
of a triode. Operation 
is linear class A so that 



Fig. 9. Plate characteristic of a triode. 


grid voltage Ec never exceeds zero and at the same time plate 
current is never cut-off. 


The plate circuit efficiency of the amplifier is given by 

_ a c. power output to the load . _ „ . 

T)p d.c. power input to the plate circuit ' / °‘ ,..(iy 

Let E bb and lg be the battery voltage and plate current respec- 
tively when no grid signal is applied. The total power supplied 
from the plate power supply will be E bb /,. Let this be denoted by 
P bb- A part of this power is absorbed in the plate load given by 
Pi- e > =Ig i Z a . The other part is used in increasing the kinetic energy 
of electrons in passing from cathode to plate and on striking the 
plate and they dissipate this energy in the form of heat. Heat produ- 
ced at the plate per second is called dissipation. If P M denotes the 
average power dissipated by the plate, then P pa =Eg.fg, where Eg 
is the plate voltage for zero signal. Hence 

P b b~Pd’C’~\~ Pt>0- ...(21 

When a signal voltage is applied, the average kinetic energy of 
the electrons reaching the plate is decreased. Thus the application 
of input signal decreases the plate dissipation. The complete ana- 
lysis shows that dissipation P v — Ppo—Pa c ■ ...(3) 

Since the power P bb from plate supply source remains the same 
for linear A operation, the function of the tube is simply to remove 
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an amount of power P a -c> from plate dissipation and make it avail' 
able as the useful a.c. output power across the load resistance. In 
this way the heating of the plate is replaced by the amount of the 
a.c. power that the tube supplies to the load and hence the tube-is 
not so hot when delivering power to a load as when there is no 
such a.c. power transfer. 

From equation (1) the efficiency may be written as 


*-£a x100 *- 


..( 4 ) 


-w •'•V V 

Suppose the grid does not swing beyond E t = 0 corresponding 

to the point P x and may swing to the point P% corresponding to 

zero plate current. This gives maximum excursion of grid voltage 

and hence gives maximum power output. Then by the upper 
choice of E c 


and 


Ip 


Ij> E n It 


0 *0 


50 %. 

£>bb 


...(5) 


Ebb l a 2E ib I 0 •••v 

For series fed circuit, the point marked (E v ) ma »^=E bi and fro 
the figure 

(,Ep)max — E bb — 2E 0 +2I 0 r v . 
equation (5) 

Vp=50x L ° 25 


Now fro: 


^■{E 0 -{-I 0 r j,) 


1 +» p 




°/ 

/O’ 


Since 


then 


E 0 = / 0 Z„, 

25 

Vp = 


E, 


V 

/ o • 


1 + T pjZa 

r j « • o • « . maximum plate circuit efficiency for the series 

fed amplifier is 25%. 

12 6. CLASS A PUSH-PULL AMPLIFIER : 

The fundamental aim of the amplifiers is to obtain an exact 

and enlarged reproduction of the applied input signal. For this 

achievement, different techniques are employed. One method to 
obtain greater output is the push-pull arrangement. Two tubes of 
identical characteristics are connected in push-pull arrangement 
as shown in bg. 10. The output of the push pull amplifier is 
twice as large as in a single tube. It has the additional advantage 

eV r" harm °nic distortion from the output of the 
t Pv ’ e ^ ce ^ or *h e same maximum permitted harmonic dis- 

may be obtained^^ “ UCh greater than twice that of a single tub£ 

nowe^ * riode in Push-pull for audio frequency 

power amplification is shown in fig. 10 

The input grid cathode voltages are required to have 180 
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Fig. 10. Circuit arrangement of push-pull amplifier. 

phase relation, which is provided by a centre-tapped transformer. 
Since the grid cathode voltages are out of phase, the plate current 
of one tube will reach its maximum at the instant the other tube 
reaches its minimum. This is illustrated in the figure 11, in which 



Fig. 11, Output of push-pull amplifier with eveD harmonics cancelled. 

the dynamic characteristic of second tube has been reversed to 
express the grid voltage phase relation and aligned on the E t value 
of the first tube Both of the dynamic characteristics are cuived. 
Harmonic (even) generated in I n and I vi are reversed and so 
cancelled. Figure 12 shows the output with even harmonics can- 
celled. 

In the analysis of push-pull amplifier, following assumptions 
are made : 

(i) Grid bias and grid drive are so adjusted that plate current 
flows for the entire a.c. cycle. 

(ii) Load is a pure resistance. 

(/ii) Transformers are ideal. 

(iv) Tubes have identical characteristics. 
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Second harmonic 
Fundamental wave 

Output of first tube 

Resuitant wave 

Fundamental wave 

Resultant wave 
Second harmonic 

Output of second tube 

Combined output 



Cancellation of second 

harmonic 

Fig. 12 Cancellation of second harmonic. 

To examine certain features of such an amplifier, we donsider 
the Following cases : 

Zero signal operation of push pull amplifier : 

When no signal is applied, the various relations are 
e„=0, <?i=e 2 =0, e n ~e C2 =E ce , e n =e P , =0, 

^2* **>1 — ib% =lb* 

It is seen that zero signal plate currents in the two tubes flows 
the same value 4. Under zero signal condition, the total plate 
current through the plate supply source is 24 . 

Under zero signal condition, plate current of value 4 each flows 
in opposite directions through the two halves of the primary of 
output transformer. Consequently, the magnetomotive force in the 
upper half winding of turns tends to send the magnetic flux 
through the core in one direction while the lower half winding of 
N\ turns tends to send the magnetic flux, in the reverse direction. 
Thus the net magnetisation of the core resulting from plate current 
is zero as the number of turns and currents in two sections are 
equal. Th |S cancellation of magnetisation is an important feature 
of the push pull connection over the single tube. 

Small signal operation of push pull amplifier : 

. consider the effect of a small grid signal voltage 

iat the operating point travels over the linear-region of the tube 
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characteristics. Obviously 


e 


Total instantaneous grid voltages are given by 

e Cl —Ec o+^i 

and e e .— —Eae e i' 


cc~r 

\ 


and 


JL 

Instantaneous total plate currents are given by 

^=4 2 + 4 2 =4-4, where h x 


... 0 ) 

...( 2 ) 

• • ( 3 ) 

...(4) 

..•(5) 

...( 6 ) 


Total current through plate power source 

Equation (7) shows that the current through plate power 
source has no a.c. component. 

Considering the output transformer to be ideal i.e. having no 
leakage inductance and zero exciting current, the sum of the mag- 
netomotive forces around the core due to the currents in these 

winding must be zero. Thus 


or 


4 — tt (4, — 4 2 ). 


..( 8 ) 


Substituting the values of i t and /„ 2 from equations (5) and 




we get 




This shows that in the output two a c. plate currents are 
addime in their effect. The output voltage e 0 is due to the flow 
of current i 0 in the load impedance R which is given by e u =i 0 R. 


Large signal operation of push pull amplifier . 

When the signal is of large amplitude, the operation is not con- 
fined to linear portion of the tube characteristics and so generates 
harmonics in plate current. Let the grid signal voltage be given by 

cos u>t. ...(10) 


The harmonics present in the plate current 
from the following expression 

i bi = I b + IpO + Ip im COS wt + Ipi m COS 2ojt+Ipim 


may be obtained 

COS ? U)t ... 

..( 11 ) 


Similarly, 

i b2 =I b + 1 po+ I P im cos (oj t + n) + 1 cos (2wr+ 2 tt) 

"h/pjim COS (?<«f-|-3rt)-|-... 
= 4+ 4>o — COS 2ouf + / w m COS 2a >t - I vim COS 3a>f-f (12) 
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Now i, 




N, 


•otvwiM/rf/i,) 

Wm^OS 


p . « -vom-w •'WITH.; 

oucput^o^push^puH amplifier * This m-oo ^t m °‘ n * CS "*• absent in the 
tube amplifier. P ‘ Ih s P ro P er ty is superior to a single 




,he p,a,e s “PP'y source is 

6+ 1 2/, +2 (/ «™ cos 2 "' + /«« COS 4 o>/+...). 

Q U/itn cimaI ii ' 


Th . ' w * T x j>4m W8 /J4) 

source oontains S d®c. a «imnt S 2/ tl ’evenT° t ttr ? U8h ,he P la,a supply 

tional d.c. component 2/ m eVen llarn, o nic Him and an addi- 

A ampWeJ'taassumeS as one ratm!. “ P r®" : ,fa P usb -P“" °< a « 
Circuit may be drawn as show!? S ! fig. a , ^ mode - ,he bivalent 

pla,e F currem d£ ioZcZZt, a c ' ""P™' <* 

ano the load when kSdlo X. « <*> 

/ 0 Af v 2 


i? 


Pi 


2^i 

A'. 






<*>) 

fig. 13. Equivalent 




(c) 

circuit for push-pull amplifier. 
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Equivalent circuit of figure 13 [b) may further be put in the 
form shown in the figure 13 (c) in which generator voltages and 
internal impedances have been grounded together. From these 
equivalent circuits, we calculate a.c. plate current, a.c. output 
voltages, a.c. output power, etc. 

The plate current is 




The total power delivered to the load 

T/2JV, 




(£;)’•* 


J 


It can easily be determined that maximum 
be obtained when 



power output will 



which states that the plate to plate load impedance should be 
equal to twice the plate resistance of one tube. Thus 

* .a . A % * O 


P 


muz 


££i 

2 



2N X 




R . 


12 7. CLASS B AUDIO FREQUENCY POWER AMPLIFIER : 

Under Class 8 operation, the grid bias supply potential is 
made negative by an amount sufficient to reduce the plate current 
to zero for zero signal potential. The grid bias is so chosen that 
when the dynamic characteristics of the two valves are fitted 
together, their nearly straight parts lie on the same line, as shown 

in figure 14 (b). 

This adjustment restricts the flow of anode current to one valve 

or the other during the greater part of each cycle of the signal 

voltage Near the begining of each half cycle, however, anode 

current flows in both valves, and therefore in both sections of the 

output transformer primary. The anode circuits are then mutually 

coupled and the distortion due to curvature of the characteristics 

near cut-off’s reduced. If the two valves are identical, even 

harmonics will be eliminated from the output by the push-pull 

action, but odd harmonics remain. 

Power Output and Efficiency : A theoretical analysis of class 

B amplifier performance is possible if we assume the composite 

dynamic characteristics to be linear and the tubes biased to actual 

cut off. The output current waveform will be sinusoidal input. 
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By use of properties of sine waves the average value -of a 
half sine wave gives the d.c. current per tube as 

— amp./tube, 

7 T 

and the total d.c. plate current is twice this value, where is the 

peak current value in either tube. 

As the output current is full sine wave, the .effective a«p. load 

current is 


I,. 


I 


m 


nw 


V2 


amp 


and the total a.c. power output is 

watts, 

where R is the per tube load of the amplifier (one^foyrth live plate 
to plate value). The d.c. power input is easily Sound as 

n _2 l m E b 

rd>C' — _ 

TC 

Therefore the plate efficiency is given by the expression 

Since I m R represents the peak departure .of plate ■voltage 
from E b , so I m R=--E mtn . Thus efficiency will be 

The minimum value of =0. 


T \v 


,*. Maximum theoretical efficiency 

100%= 785%. 

NUMERICAL EXAMPLES 

1. The following data refer to a triode power amplifier using 
transformer counted load : 

Plate supply voltage Ebb- 

Grid bias E cc - 

Grid signal E g - 

Zero signal plate current /&= 

Load resistance across the secondary, R 


350F 

-20F 

= 20 sin a )t 
= 30 mA 


N, 


Turns ratio of the transformer , -rr =30 

1*2 

Amplification factor of the tube /^ == 1 0 

Plate resistance r p ~ 1000 

Assuming negligible distortion and ideal output transformer , 
calculate : 

(0 A. C. output voltage, (Hi) A.C. power output, (Hi) Zero 
signal plate dissipation , (iv) Plate dissipation with signal and 
(v) Plate circuit efficiency 
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Since e„=20 sin tot, the r.m.s. value of the grid voltage 

V _ Earn 20 , „ , 

£ ' _ V2 = V2 =14 ' IW 

Reflected load on primary side /i=(30) ! x3 

=270012. 

O') A. C. output voltage = 


p E 9 


r J >+ 7 ?x, 


- R 


10x14-14x2700 


UD 


A. C. power output=[ - 

\r. 


1000+2700 
= 103 1 V 

\« / 10x1414 \* 




M 


3700 
=3 95 W. 

(/«) Zero signal plate dissipation^,,,^ /, 

=350x30xi0-» 

= 10-5W. 

Plate dissipation with signal =P d .,.=P d0 -Pac 

= 10-5-3-95=6-55 W. 

Power input from the supply voltage P bb =*E bb I» 

- *50x30x10-*= 10 5 W. 


2700 


(iV) 

(v) 


P. 


Plate circuit efficiency i?=-^x 100 

Pbb 

3*95 x 1 00 

105 


37-50%. 


. l' f JJ imar 4* am P li fier uses plate supply voltage E bb = 300 veto 

wr/“ = ~ 20 voltage== 10 £/» « 

— ^ non f T ? quency °f 400 radians per second. Load resistance Ri 
rr,ArL Ji% S \- At / ero si gnal operating point, plate current 4=50 

fixation factor p — 8 and dynamic plate resistance r p = 1000 

vjnnl';f?f U ate L (l ) , V ° ltage gai "> H‘) a.c. output voltage (Hi) power 
/ V \ R from the plate supply source (iv) zero signal plate dissipation 

tvii\nl t P ™ er ° U '£ Ut W) Plate dissipation with signal applied 
{.vn) plate circuit efficiency. 


(i) Voltage gain= ~>" Rl _ Z 8 x 30 00 


6 


r v+Ri~ 1000+3000 

pE„ Ri -8 x_I0x 3000 

10OU+3CO0 


(ii) a.c. output vo'iage=- 

S #V+ Rl ‘ 

..... ——60 volts. 

v iu) ower supplied from the plate supply source is given by 

P66=£'h, 4=300 x 50 x 10“* 

= 15 watts 

(iv) Zero signal plate \oltage 
E b = E bb ~ i qRt 

— 300-50X 10' n x 3000= 50 volts. 
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Hence zero signal plate dissipation P dn =E 0 .I a 

Pdo=150x 50x 10“ s =7-5 watts 
(v) A.C. power output 

°- v 


p. 


A-Pl I 


X3000 


1*4 watt. 


V 1000+3000/ 

_3000 
2506 = 

Plate dissipation with signal applied is given by 
Pac = PdO’— p a-C’ == 7'5 — 1 "4 = 6" 1 watts 

(vii) Percentage plate circuit efficiency r, v =^l 

P) 


(vi) 


x 100. 


bb 

V4 
15 


x 100=9-33% 

f 3. A linear A t power amplifier uses triode having amolifi cation 

Joclor and dynamical plate resistance =3200 ohms. Amplitude 

o] grid signal voltage is 15 volts. Calculate the maximum power 
output obtainable. 


The A.C. power output P a -c- = [ ~- F ° D V/?z. 

\ r j )+/?z,/ 

The power output is maximum when r P =Ri 


(Pa-o-) 


max 


( P-Eq \ 

Vv+r P ) 


a 


\YEfi 64 x (1 5/v'2l 2 


4 r p 4 x 320U 

64 x 225_ ___9 

16 


4x2x3200 
= 0 - 56 watt. 

4 - A class A , amplifier uses triode having p=20 and r p = 10,000 
ohms. A signal of 10 r.m.s. is applied at the input. Calculate ' the 
available power output of the amplifier. Express the a.c. output 
power in terms of the available power if the load impedance is (a) 
8000 ohms and ( b ) 2000 f yl 000 ohms. ’ 

(a) The a.c. output power P a . c . = [ -V r l 

/ 20x10 V 

• • = ^ jo ooo+8000 ) x 8000=0-987 watt. 

The available power P 




ot, ~477 


xr 


• # 


v 4 r * 

p (20 x 10)* , .. 

" =1 watt. 


P a.c 


av 


4x 10 4 
0^987 
1 


0-987. 


• * 
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{.b) In this case Z t =2000+y 1000, 


P 


a v 


(pE B y 

(r p + R L )* + (X L )* 

(20 x i0)*x2000 


XR 


Hence 


P 

P 


QC 


( 1 0 4 2( '00) z + (1000)* 
0 551 watt. 

i . 7 

*551 


u = 1 0 Jd 1' a , mp ifier tnode usedha * amplification factor 

oad impedance is a complex impedance of constant Q and has impe • 
tive element fn r°i de f ees ‘ f alculate ! he value of resistive and indue- 

marimn ^ ^ l ^ e a PPhed signal is 12 volts r.m s., calculate the 

ominn ™/ 0 ? 6 / OUtput ' maximum power sensitivity, plate dissi- 
panon and plate circuit efficiency given that plate supply voltage 

Pbb — 3 00 volts and zero signal plate voltage is 200 volts 
For maximum power output r P — y/ (R l 2 + X 1 }) . 


or 


According to the problem ^ = tan 60 


V3 


Hence r 


2R l 


or 


R 


Also 

Now 


X’l= V 3 R L . 

V{Rl*+W 3 RlY}=v( j Rl 2 } 

_r? = 10xl0 3 
~ 2 2 

Xl=t/3 X 5x 0 3 = 8660 ohms. 

^L—RL-\-j Xi-5000-hJ 8660 ohm 


s kilo ohms. 


The A.C. power output P a . e . 


• 9 


P 

* o* 


(nE„Y x R h 
'{rp+RLY^^XL) 1 

(10x1 ) 2 x 5000 
7 1 0,000 + 5000) 2 + (8660) 2 
0‘24 watt. 


Maximum power sensitivity 


a c 

F 2 

C'O 


0*24 

(12 f 


=0-00166. 

_ 300—200 

r, „ . _ 5000 ~ 

input power from plate supply source is given by 

A»=^ftX 4 = 300 x 20 x 10 _3 = ' 


Zero signal plate current L 


20 mA 


Hence plate circuit efficiency 


6 watt. 
0-94 x 100 
6 



ate dissipation with zero signal applied is given by 
^vj—n b —i g /?£= 6 — (20 x 1 0 -3 ) 3 x5x 10 3 =6 — 2=4 watts. 
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Plate dissipation with signal=P p3 — P a c .=4— -24=3‘76 watts. 

6. A loudspeaker offers 5 ohm resistive impedance to a pentode 
output power amplifier. No signal plate current is 30 mA. Input 
signal to the grid is 15 volts r.m.s. Determine the a c. power output 
and plate efficiency. Turns ratio N P IN,= 20. Amplification factor 
^=400, plate resistance ^=400,01)0 ohms, plate supply source 
voltage -250 V. 


Reflected load impedance R r 


Now 


P 


ac* 


(20)* x 5=2000. 

' ^ 

4C0 x 1 5 \* 



x 2C00 


Power input 


Plate efficiency 


4 x ) 0 s + 2000 1 
'445 watt. 

- Erf I/j 

250+30x 10 _3 =7'5 watt. 

•445 

7T5-XIOO 

= 5-9%. 

7. A transformer coupled power amplifier uses triode whose 
amplification factor /*=15, plate resistance />=2000 ohms. Loud- 
speaker forms a load whose resistance is 2 ohms. Plate supply voltage 
is 300 volts. It is desired to have distortionless amplification ov not 
allowing the plate current to fall below a certain minimum value. For 
maximum output power, a certain load resistance and grid bios is 
needed. Calculate the turns ratio for the above load resistance on 
the primary side. If the grid bias is —10 volts then what is the 
maximum power output and maximum power sensitivity ? 

For undistorted amplification in triode with prescribed zero 
signal plate voltage the load resistance on primary side is 

R v =2r P . 


Hence 


or 


# • 



2 x 2000 


2000 


For maximu 


R. 

a power output 
Ecc — y/2 Eg— 10 volts. 

volts. 

V 2 


Maximum power output ( P a ) max 



pE. 


+ R 


) 2 Rr 
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2x225x 49 
9 x 2000 
1'225 watt. 


Maximum power sensitivity is given by 


(P OC‘) 


Q'C* fmax 


E 2 


2 /**£„« 


V 


2x225 


9r p 9 x 2000 
0 025 mho. 


and r 8 ‘ /m Vn If*? pentode A i P ower amplifier , Am ^=200 

P, =40/ra° K ru i u SUpp y V0ltage ^= 360 vo/M, Po*/ rpJj/ana 
nlaZ ha f Ser ' es , re f ist ^ce of R= 25 SI. Zero signal 

reauirpd tn j ^ Calculate the value of input signal voltage 

thTvnt P r . oduc f e ac - oat put power of 3 watts. Also calculate for 

circuit efficiency (:v) power sensitivity. ^ 

We know that 


P 


a>€ 


H 9 E„ 2 x R l 


or 


or 


or 


En 


0 ) 


is given by 


(/•p+Pi) 2 

. (200)^ £g a x40x 10 s 

’(400~xl0 3 + 40x 10 a ) a 
_ 3x(440i a x 10* 

(200)" X 40 X 1 0 s 

= 11\/3=19*03. 

Zero signal plate dissipation P 

P PO ~ Eqlq = ( E b 'j Iq R) I q 

= (360— 40 x 10~ s x 25) 40x 10~ 8 
= (360— \) 40x I0“ 3 
= 140 36 watts. 

Plate dissipation with signal P v is given by 

Pp^Ppo— P a<= 14*36—3 

..... . =11 36 watts, 

(in) Plate circuit efficiency Vp is given by 

x 100 — Pa e - x 100 


(ii) 


6b 


Ebb • dq 

3x 100 


360 x 40x 10-* 
20-83%. 
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(iv) Power sensitivity=^£: 

E 0 Z 


3 


( 19 - 03) 2 
=8*2 x 1Q -S mho. 

having atsf -Va/o ^ T' ,m " uslng ,wo ,riodes - each 

is JmeLi , Urre V/ r ° m ' h j SUpp ‘ y is 20 mA - A load of 5 ohms 

the ratio of? secondar y '’"'ding of output transformer. If 

efficiency for an input signal of 20 V rani, applied toeachrahe 


case 


.op 


(W\ R =( 4 °) ! X5 


8,000 ohms. 


The plate current /„=- 


2/j. e. 


2r p +(2NJNrf R 
2 x 12 x 20 

(2xl0r + 8000 =8 ' 57x10 " 3 Ara P- 


(a) Output voltage is given by 

(2N \ 


\N, 



I R 


TP 


= 8-57 xl0" 3 x 8000 

68-56 


68-56. 


40 


1-714 volts. 


{b) The a.c. power output P ac . is given by 

P fl^.=/ 2 .i? PP =(8-57 x 10 ~ 3 ) 2 x 8000 

=0-587 watt. 

(c) The plate circuit efficiency t) p is given by 

^-p-xioo, 

r bb 

where P w =£ , w .2/=400x20x 10' 3 =8 watts. 

0*587 

Vp— g x 100=7-34%. 

10 . A class A pushpull amplifier uses two triodes each havl 
M-12 and r p = 1 OKQ. Plate supply voltage E bb ^250V. Zero signal 
plate current of each tube =20 m.A. Load impedance is 5 4 . .5 „Tmt 
at the input signal frequency. The output transformer total primarv 
to secondary turns ratio (2 NJN 2 ) is 20. Applied a.c. voltage to e a ?h 

impedance (iv) a c. output power , (v) plate circuit efficiency <Zfd 
(v/) plate dissipation with and without signal. ^ n< * 


by 


( 1 ) d.c. input power P bb from the plate supply source is gi Ven 
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P bb = E bb 2/ P = 250 x 2 x 20 x 1 0“ 3 

= 10 watts 

(ii) Plate to plate impedanc e Z PP is given by 


Z 


pp 


/2N \ 2 

[-&) Z *=( 20) 2 ('+/-) = 2000+7 2000 . 


a.c. plate current I 


2rE. 


2x12x25 


or 


/ 


p 2r„+Z Pp _ (2xl0 4 ) + i2000+y 
600 x 1 0~ 3 


20*2 x 10~ 3 amp 


p V{(32} 2 +(20) 3 }' 
(iii) We know that E 0 


a.c. output voltage E 0 


1 p^Vp 


(2 NJN 2 ) 

20 2 X 1 0 - 8 x (2000 + j 20001 

20 


57*13 

E 0 —~~=2-^S volts. 

(iv) a.c. output power Poe=Ip z .P Pp 

= (20*2 xl0- 3 ) 3 x 2000 
= 0*816 watts. 

P 


(vj Plate circuit efficiency 




bb 


X100 


816x100 

10 


8*16% 


(vi) Without signal, plate dissipation P,*, in each tube is 
given by 

2PpQ — P bb . 

.*. 5 watts. 

With signal, plate dissipation P v is given by 

= 10— *816=9*184. 

_ 9*184 

i - 


2 


4*592 watts. 


1. 


2 . 


EXERCISES AND PROBLEMS 

(a) State typical difference between a voltage amplifier and a power 
amplifier. 

(b) Explain the purpose of a power amplifier. 

Calculate the power output of class A amplifier. What is the approximate 
overall efficiency you would expect under ideal conditions assuming that 
the signal input to the grid was the maximum allowable without distor 
tion ? 
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3. Obtain an expression of plate efficiency used in connection with a radio 
frequency power amplifier. On what factors does the efficiency depend ? 

4. Prove that for maximum output power with undistorted amplification in 

a triode, with a prescribed zero signal plate voltage, load resistance 
must be equal to 2 r pt 

5. Describe the action of a transformer coupled amplifier. In case of an 
ideal transformer coupled A.F. amplifier, draw the equivalent circuit and 
derive an expression for its gain at medium frequency range. 

6. Derive the expression for the po*cr output of class ‘A’ push puli ampli- 
fier. 

7. Give the circuit diagram of a class ‘ZT audio frequency amplifier stage 
and explain the principle of operation. What are the advantages and dis- 
advantages of class C compared with class A operation of audio fre- 
quency amplifiers ? 

8. Determine the efficiency of class B amplifiers. State the reasons for not 
attaining the maximum efficiency in all cases of amplifiers. 

9. A triode power amplifier is operated with plate supply vo!tage = 250 volts, 
grid bias= — 15 volts, grid signal volfage=6 volts r.m s. ’oad resistance 
= 1500 ohms, p^ate current with no signal = 40mA, amplification factor 
gt=5, plate resistance = 5000 ohms. Calculate 

<a) voltage gain, 

(b) a.c output, 

(c) a c. power output, and 

(d) plate efficiency. 

10. Determine the maximum power output of a triode valve used as a power 

amplifier with amplification factor = 5, plate resistance /' p = 4000 ohms, 

max . value of signal : nput voItage= 10 volts. 

1!. In a linear A x shunt fed triode amplifier load resistance R L is SQATohm, 

plate supply voltage 25^=300 volts and choke has resistance /?*=20ohm. 

Zero signal plate current 7^= 100 m A. Applied input voltage is 

\/2.30 sin 2rr x I0 a r. Calculate (i ) zero signal plate voltage (i\) d.c 

input power from plate supply source, (lii) a.c po^er output P a , c , 9 

U v ) plate circuit efficiency rj py (v) zero signal plate dissipation p pQi) 

(vi) plate dissipation with signal, (vii) avai labie power output p and 

(viii) power sensitivity. 

12. A class A x amplifier uses triode which has amplification factor p— *2 
and dynamic plate resistance rp = 10,000 ohm. It is operated for dis- 
tortionless amplification with fixed value of zero signal plat voltage of 
200 volts i.e. the plate current is never allowed to fall below a certain 
minimum. Load resistance R L and grid bias ^ are so chosen as to 
provide minimum undistorted power output while maintaining A opera- 
tion Ecc so usec * is —18 volts Calculate this value of load resistance R L 
maximum a c power output and maximum power sensitivity. If grid 
signal Eg is reduced to 8 volts r.m s. calcu’ate the power output. 

13, A triode is used in the power amplifier circuit. The transformer primary 
winding resistance is 162 ohms. The total resistance in the secondary 
circuit is 11 ohms. The transfoimer turns ratio NJN 2 = 10. If £ bb = 250 
volts and cathode resistor«=400 ohms. Draw the d.c. load line and th ; 
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bais line and determine the quiescent point Find *h , 
and 4„. The sinusoidal signal derives the 

cathode on its positive swine _ 6 d tD 0 vo,t * re, ative to its 


lost iropor- 


(a) 

(b) 

(c) 


cathode on its positive swing U will n! gnd ° ° VoIt * re,a,ive t0 its 
cause of non-linear p, a ,e Chirac, S,i« be- 

repeat periodically we can write hv • Ut becaus ® h waveforms 
tant component as ’ * F ° Uner anaI > si »* *e 

4=4o+4im cos (Vt+/ P2m cos 2 lot, 

Determine the values of r j T 

De, ermine ,he percentage of se'c?nd hatKic distortion 

D fpim/Ipim)X 100. 

P^taarT 8 aV ““ e POW ‘ r ’ ^ • ° >b. ttamfonn,, 

M) “gnTappiied. dlJsi P* i °" F ‘ <* “* -be »«b <b« 

In a class /4 audio Op exceeds 15 watts, the tube is over heated. 

and r p = 10 k" ohms. G^id ^o cmhod 11 " a . mplifier ' each tube has pa- 15 
10 volts. Turn ratio N IN =20 h v ° lta «e F g of the upper tube is 
half of primary windine^in’r, ch’ * here “ *be number of turns On 
of turns on the secondary Lo * pu . transform3r aQ d N t is the number 
voltage £^2M vo k I; • rcs,8tanCe ^=5 ohms. Plate supply 

m.A. Calculate the a c output n'* na! PlatS Current of tube is 15 
efficiency. Assume output^ “ d ^ " 

load of 500ohT d ThTd C c lt min Pera,ing ° nder CiaSS B with a p,ate to p,ate 
^ m.A. for a steady smuso.dal signal. What -s the a.c. power output 7 


I 


13 


RADIO FREQUENCY AMPLIFIERS 

ED VOLTAGE AND POWER AMPLIFIERS) 



t0 0pefate ^ ove the audio frequency range, 
to L be radio frequency amplifiers. They are designed to 

frpmi!»^ e^her a single high frequency or a relatively band of 
frequencies centred about a high frequency. Similar to audio fre 

quency amplifiers they can be divided into two categories: one 

m^J°f ta§e am P |lfiers £ nd the other r. f. power amplifiers. Their 
mode of operation can be classified as class A, class B or class C 

volt^^E; 10 ^ emp ’ oye ^ when the main P ur Pose Is to secure 

circuits and receiving sets The power output of this Se Tf 
Sfiund £'«r ' ' '°n bm ,h * d!s T ion ' s -■* 

V ,ass B and Class C amplifiers are used when power output is an 
important factor. The plate efficiency is greater in both these 
operations in comparison to class A operation. They are used in 
radio transmitters with the difference that class B amplifiers are 

S C t am?i e fi ampl ' tUde h K d f la,i °u ° f the im P fessed signal, while 
class C amplifiers are used before the modulation stage. 

The basic difference in the circuit of a low frequency and a 
nigh frequency amplifier is that of a plate load. The load for low 

whUc'fMhiTf"" “ resis,ive ° r P art !y inductive in some eases 
wnile lof high frequency amplifiers it is a tuned circuit. 

J Rad .‘ J °, fre 2“ enc y amplifiers can be further classified accordine 
Jo the width of frequency band that is to be amplified; the one class 
being the narrow band tuned amplifiers and the ‘other wide band 

Sc a !S fie f S r When an active circuit is required to amplify a 

static band of frequencies and reject signals of higher and lower 
trequencies it is commonly known as a tuned or narrow band amp U. 
fier. Here the word ‘tuned refers to the circuit load that is normally 
a parallel LC resonant circuit. The parallel tuned circuit has a 
nigh impedance at resonant frequency and the impedance falls n ft 

at . frequencies on either side. The voltage gain of a tuned 
amplifier is thus maximum at resonant frequency and falls off 
sharply as the frequency is increased or decreased. In case of « 
pentode amplifier the voltage gain is almost equal to —v 7 
because r v is very large. Here Z t is the tuned circuit impedance 1. 
Radio sets for the reception of radio frequency wave modulated by 
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TT USe narrow band amplifiers because the 

wave ei^nH U ‘ lf i he Slde band frequencies in a modulated 
them aS referred a W,d j then am P lifiers u sed to amplify 

television signals ^ ° mplifiers • Thr ' deaI with 

131. VALVE PERFORMANCE AT HIGH FREQUENCIES : 

falls off du^tn^h^f C |'i eS ab ° ve 50 the performance of tubes 

Tans on due to the following reasons : 

y.' < y e to str ay inductance and capacitance. 

(//) due to transit time effect . and 
{in) due to skin effect. 

thp f S , bad co ? S ' der onl y ^ rst factor. At low frequencies 

wh tip r i | • str; y mductance and capacitance may be neglected, 

orid ct n- f'tv fr ec tP e 5 iCies create serious problems. The plate 
£ b ‘, 1 ^ in tr *°^ es caQ be eliminated by using the pentodes in 

f • n y ran 8 e of J 00 kc/s to 1(30 mc/s. At high frequency end 

f. h k t n , g V be inc * uc - ar ‘Ce of cathode lead becomes important and 
* td ^ck takes place through this. To analyse the effect, we 
consider the circuit as shown in fig. 1. 

From figure 

Ea~E 1 ~jwL k f k .. ( 1 ) 


E 


0 


I 


k 


r 

JtoCgfc 

Sm^g 


• • 


( 2 ) 


^ & 171 • 


/ 


g 


I, 


(3) 

from 


jtuCgl; 

Substituting the value of E a and .. , 1U( 
equations (2) and (3) in equation (1), we have 

J°- = 

jaiCgk 









joiC 


Ok 


Fig. 1. Cathode induc- 
tance at high 
frequencies. 


**• E i ~ “ fT [l+jgmwL k ]. 

JUJ\^ glc 

The input admittance Y is 

y ffl JwCyfc 

E\ (1 -\-jgmU>L k y 
Multiplying equation (4) by ( 1 — jg m ioL k ) above and below 


...(4) 


juiCgle 


+ 


0J 2 C gk g m L k 


since 


l+«> 2 g m 2 L k 2 ‘1 + or I k 2 g m 2 
(o°g m 2 L k 2 << % 1 

Y=jwC„ k + u> 2 C gk g m L k . 
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The input capacity of the tube is therefore shunted by the con- 
ductance which is proportional to the square of frequency, input 
capacity and cathode lead inductance. 

13 2. CONSIDERATION OF CIRCUIT DESIGN AND 

METHODS OF COUPLING : 

R. F. amplifiers differ from audio frequency amplifiers in the 
choice of values and circuit elements. Triodes are usually not suit- 
able for r. f. amplification on account of the feed back of energy 
from the output circuit to the input circuit through the interelec 
trode capacitance (C gr ) This feed back action, which at hig er 
frequencies becomes prominent because of effectiveness ot pla'e 
grid capacitance at these frequencies, makes the amplifier unstable 

and self oscillations may occur if the plate circuit is sufficiently 

inductive. If the impedance in the plate circuit is pure resistance 
or a capacitive reactance, no oscillations can take place although 
in the latter case anti regenerative feed back of sufficient magni- 
tude may occur great'y to reduce the resultant gain. For this rea- 
son in r. f. amplifier tetrodes and pentodes are preferred. 

R F. Amplifiers can be further classified according to methods 
used to couple the output circuit of the amplifiers to the input 
circuit of the tube in the following stages. The usual methods of 
coupling are : 

(/) resistance-capacitarce coupled circuits, 

(//) impedance coupled circuits, and 

(Hi) transformer coupled circuits. 

The last two coupling methods are commoly employed in r f. 
amplifiers. 


13-3. RC COUPLING : 


RC 


It is used when uniuned amplifier circuits are desired, 
coupling suffers from the following drawbacks : 

(a) The resistances used have self-capacities in parallel w ith 
themselves, the value of the shunt impedance which they provide 
being lower, the higher the frequency. 

(b) Tfce anode cathode capacitance (C pfc ) of the valve and the 
grid cathode capacitance (C ul: ) of the succeeding valve together 
foim a low impedance in parallel with the resistance; the effective 
value of the external impedance becomes lower the higher the fre- 
quency and a smaller voltage amplification factor is obtained. 

(c) The most serious draw-back of this coupling in radio fre- 
quency stage is that the Miller effect becomes predominant. 

13 4. IMPEDANCE COUPLING : 

Impedance coupling is quite satisfactory for certain frequency 
bandwidth which is to be amplified uniformly. The input and 
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distributed capacitance tune the coil to n* ra u i 

is * ar 2 e ^ ,0 ” d 

lei resonant circuit*™ he pla?ehLd™ Pl ' fi n r uhictl em Pl°ys a parai- 

the plate and sc7een village dron“ a ‘ n * le f ttq“eucy, X, and J?. are 
voltages to be applied to plate and rebls,ors which enable d.c. 

specifications. The combinations » cZ p^"*" 8 *° ,be <»•* 

stage. ? P aeS cou P“ n g of signals to the grid of the next 



One s/agrff 


w 


A Single tuned direct coupled amplifier 


circuit. 







Fig. 2 




O • 

The a.c. equivalent r\rmu : , 

? replaced by an equivalent current sourre ^ S ' Z (b ) where the lut 

u. Since C k and C d virtually act as shnrf CC ’ ,n P ara, ^ eI wit 

n Ca i h °i e and P° int D are at arnnSS CtrCU,tS at si - nal ^equenc 

° ns ^ «nd A d C d are eliminated t Pote " fial - The combina 

minated from the equivalent circui 
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because they offer negligible reactance at the same signal frequency. 
As the reactance of C, is negligibly small, the screen grid is also 
at the cathode potential and hence R, is also excluded from the 
equivalent circuit. The coupling capacitor C t is also neglected as 
it is supposed to be large enough to ofTer negligible reactance as 
compared to R t at the same signal frequency. Thus the whole 
a.c. voltage develops across the plate load and appears across R g . 
The inter-electrode capacitance between grid and cathode is very 
small for pentode tubes and thus offers a very high reactance 
making it virtually an open circuit. Hence it is not shown in the 

equivalent circuit. 

From the equivalent circuit, the output voltage is 

Eq= grnEjZ, 

and voltage amplification of such a circuit at any frequency is 
given by 


SmZ, 


-d) 


Wtiere Z is the total impedance. The total load impedance is 
given by 


z 


+ o" + 


zV 


where Z< is the impedance of the anti-resonant circuit. 

The impedance Z< of anti-resonant circuit consisting 
and C is given by 


Zt 


< * +>'-> ( he 

R+jwL +]^c 
R (clTZc) 

R (l + JJ T+]^ 




L_ JR 
C C oC 
j<»L . 


+ ju>ck) 


J wL , 1 \ 

R + jwCR ) 


ja)CR 


1 + 


CR wC 

jwLl , 


JWL I 

R \ 


w'Lc) 


...(2) 


of R, L 


...(3) 


The resonant angular frequency of the circuit with J?=>0 is 
given by 

1 


w, 


VW ...(4) 

The magnification factor or figure of merit Q t for the ciicuit 
at resonant angular frequency o> 0 is given by 

o 

* D - R * ...(5) 
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Equation (3) can be written as 

L__J_ 

rj CR wC 




_L_i 

CR <oC 


l +J 


. L 


1 


R 


O) 


c oLC 


1 +j ^ l -- ) 

A \ oj q ojqOjLC ) 

L 


J 


CR ojC 


1 


+j Q( a L^\ 

\OJ Q CO ) 


...( 6 ) 


Let S indicate the variation in frequency expressed as a fraction 
of the resonant frequency, then 


8 


60 — COq 


CO 


0 


or 


(O 


--1 

<u 0 


= 1+8 and 
<^>0 60 


i 

1 + 3 


...(7) 


get 


Substituting the values from equation ( 7 ) in equation (6), we 


Z 


JL_1 

CR ojC 


t 


i +jQo 


± L _]_ 

CR coC 


(1+3) 





i +J-QJ 


ill 
1+8 



...( 8 ) 


When a)L is large compared to R. i e . u>L/R p I, as is true 
m most practical circuits, the imaginary term in equation (8) may 

oe neglected. Moreover, when 8 I, the equation (8) has the 

irorm 

L 


Z 


t 


CR coL 

1 +/ 2 Q u 8 When ~R ^ 1 ard 5 ^ 1 


..(9) 


i.e. 


At resonance 8 — o and impedance is a real quantity 


Z t *=R 


Z t — Rt 

_ Qo 

CR cd 0 CR co 0 C 


t 


w 0 LQo 


Now 


7t 


Rt 


1+2 ]Q 0 8 

(i) Voltage gain at resonance : 


( 10 ) 


Ar 


6f 


Rm 


gmR 


t 


r+F + ir !+§'+& 

p Ro Rt Ra^r-n 


am 


1 ; OJ o L Qo , <*>nLOn 


R 


+ 
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= ~gm O> 0 LQe, 

...(11) 

where Q e = 

+ Re ' r. 



This equation suggests that for the voltage gain to be large 
not only Q 0 should be large but at the same time r p and R a should 
also be large. This latter condition can be met by a selection of 
pentode instead of a triode since pentode has higher plate resis- 
tance. 

HO Voltage gain at any frequency u> near resonance : 


A 


g 


m 


i ' }+j2Q*s 

' D * 

V 


WoLQ o 

8m MoLQq 


i i £ i , 0 , o^Qo 

1 +j2Q Q o+ b 

F jf I\n 


g m uj n LQ 


Hence 


gm dpLQ 

: j2Q u o+ujy*r 


A 


1 


Magnitude 


Af es- 

A 




€8 • 


1 +j28Qe 
1 

VU+.2S2*) 2 ] * 


...( 12 ) 


...(13) 

...(14) 


The phase angle of A/A,«. 
is given by 

^=tan“ 1 28Q e . ...(15) 

Figure (3) shows the plot 
of the relative gain. If 

(28<2 e ) 2 =l 

in equation (14), then 

— = -L =0-707. 

Arcs* v 2 

...(16) 

Then the gain is 70% of the 

gain at resonance. 

(iii) Band width of the amplifier : 

When 48 2 Q e 2 ^l, 8Q= ±%. The positive value of 8Q e corres- 
ponds to the upper cut ofif frequency / 2 and the negative value of 
8Q e corresponds to the lower cut off frequency f x . 

When 8Q g =i 



A- A 

fo 


Q,= £ 


or 
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ft ~fo 


_/« 


J 2 Q t ...(17) 

where / 2 is the upper cut off frequency at which the gain is 70% of 
the gain at the resonant frequency f 9 . 

Similarly, when S0 e =— $ 


e,=i 


or 


/o-/x 


L 

2Q 


The bandwidth of the amplifier=B.W. =/ t — /i 

• • ft ~fi—f ~fo ~h/o ~fi 


...(18) 






Thus the bandwidth of a single tuned amplifier is inversely 
proportional to the Q e of the circuit i.e., as Q e decreases bandwidth 
increases. For a narrow band amplifier, a large bandwidth is not 
desirable. A large bandwidth is an important consideration for 
wide band tuned amplifier such as used in television circuits. The 
Q e in turn depends upon the ratio L/C and if w 0 and L/C are fixed, 
then the increase in Q of the tuned circuit increases the effective 
Q 9 and correspondingly decreases the bandwidth or increases the 
frequency selectivity of an amplifier. 


13 5. TRANSFORMER COUPLING : 

This type of coupling is commonly used in r f. amplifiers. The 
coils of transformer for the use in r.f. amplifiers are wound on a 
former of insulating material. Tight coupling between the primary 
and secondry cannot be obtained without the use of iron core. 
But the iron core cannot be used because of excessive eddy currents 
and hysteresis losses which would occur at high frequencies. We 
shall describe here two types of transformer coupled r.f. amplifiers. 

fa) Secondary Tuned Transformer Coupled Amplifier : A 



Ts*. 4. Transformer coupled with tuned secondary r.f. amplifier. 
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simple circuit of a r.f amplifier employing transformer coupling 
with tuned secondary is shown in figure 5. The circuit is similar 
to fig 2 (a) except that a transformer is used to couple the output 
voltage to the next stage. Here no grid leak resistance R e for 
second stage is necessary as the d.c. path between the grid and 
cathode is provided by the secondary winding itself. These are 
extensively used in radio receivers because they affect the sensiti- 
vity, selectivity, and fidelity to a considerable extent. 

The equivalent circuit of 
single tuned transformer coupled 
amplifier is shown in figure 5. In 
this circuit R t and R i are the 
resistances of primary and secon- 
dary coils respectively, r v is the 
plate resistance which is greater 
than R t and R 2 , M is the mutual 
inductance and C 2 , the total 
shunt capacitance on the secon- 
dary including the input capaci- Fig. 5. Equivalent circuit of single 
tance of the following stage. tuned transformer coupled 

Let i! and I a be the currents flow amplifier. 

ing in primary and secondary circuits respectively. The equations 
for the two loops are : 

t — L ( r -\-juiL i) M I 2 
and 0=1^*. +JojL 2 + r-L- j +> M I x . 



From equation (2), 


...( 1 ) 

...< 2 ) 


I 


Ii 


(^R 2 +jioL 


2 


+ : 


1 


jloC, 


Substituting the value of L fro 
'we have 


-.( 3 ) 

jtoM 

equation (3j in equation (1), 


& 


h ( Ri+j(i)L 2 -\ r~- ^ (fp + Rt+juL^ 


oi 


I 


jcoC 
pE 0 jwM 




^ R 2 +ja) L 2 + j (r p +-/?i -f a >W 2 


. -( 4 ) 


jwC 2 

The output voltage is given by 
I 2 PME 9 <C 2 


E 


0 jwCi 


^ ^2 + 7 W ^-2 ^ j w (j 2 j (r f -\- Ry+jujL^+ufiM 


...( 5 ) 


The gain of the amplifier A— ~ tput vo * ta g e _Ej 

Input voltage E? 
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A 


V-MIC, 


( -K 2 +j“>L 2 j ( r P+^l+JO>Z, 1 )-)-tu 2 ^* 


...( 6 ) 


Jsuaiiy r p is greater than Z? x and coZ-j, hence 

mw/c. 


A 


[*2+J ( 


Ol 


L 


-4r)1 

cuC 2 / _ 


% • 


-)-cu 2 A/ 2 


(’/) 


(s) Voltage gain at resonance : 

When tne secondary circuit is tuned to resonance 

w 0 Li=- - - . 

ct>oCa 

Now considering equation (7) at resonance, we haae 

(A) — M 

yt^Jresonance- 




( 8 ) 


}*’ p 


r P R 2 +u> 0 *M*' 
value of Q at resonance is given by 


...(9) 


^0^2 

Lo R* 


1 


C. 



In terms of Q e , the equation (9) can be written as 

nM/r p C 2 R., 


...( 10 ) 


(A) r 


esonancc 


where 


Q 


6 


1 +oj i) 2 \f 2 /r p R. i 

<ooMQ 0 

Sn ’ l+a> 0 2 M 2 /r p R 2 
■&m a) 0 t/ Q e , 
go 

2 M 2 


...(H) 


1 + 


Wj 


T pR% 

and is the effective value of Q 0 . 

It appears from equation (1 1) that the voltage gain increases 
as M increases. But this is not so, because the term oj 0 2 M 2 becomes 
important with increasing M. There is a optimum value of Af for 
the maximum gain which can be obtained from the condition 

m/c 2 (hmic«) w i' 


0(A) resonant o 



rpRi + ^M* (r p * 2 +<VA/V 


0. 


Solving we have (M) ovtimum =* -- R - — ■= yy{R i .r P l i C i ') ...(12) 

CtJn 


(ii) Voltage gain at near about resonant frequency 

For any frequency o> close to constant frequency oj 0 > let us 

put — 1 and g 0 =— = — ^ r 

^0 O) 0 C 2 

OKUo £- 2 CO 0 

u> 0 a;co 0 C 2 / 
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o>0 L % (- 




w 0 \ 1 

las o>q — ■ >i 

oj I ^ a> 0 c 2 

L%\ ( OJ CD, 

Q/l^o <« 

Since <o is very nearly equal to tu 0 , 5 is small and 1/(1 +8) can 
be expanded by Binomial theorem. 

Thus 


1 


(1+5) 
Therefore, 

t oL<> - 


(1 + 8)“ l = 1 — 8+S 2 — 8 3 +...S=(l —S) 



28 



28R 2 Qq . 


— — ^ w — w 

Equation (7) now may be written as 

\»M\C Z 


...(13) 


A 


r„R 




1 


Hence 


A 


1 +J iq 28 

gmt° 0 i\fQo 

l+yX +j 2 * Q ° 

r V K 2 

gf^cppM On , 

1+J28Q, 

r 


*rQo ] 


+o 2 Af* 


g m co a MQ 0 l(\ +o) 0 t M 2 lr p R 2 ) 
1 -\-J28Q 0 /(l +aj t <t M 2 fr ( ,R 2 ) 


...(14) 


A re ,.-\+j28Q, 

fiii) Bandwidth of the amplifier : 

It can be seeQ that for transformer coupled amplifier equation 
(14) is the same as for single tuned direct coupled amplifier. 
Hence the bandwidth can be obtained in the similar manner. 

Now we shall determine the upper and lower cut-off frequen- 
cies and f t . At these frequencies (A/Ar^i ono*ce) — 2^2 * 


% % 


or 


4S 2 0„ Z =1, 


1 

q: 


The positive and negative values of 8 correspond to the upper 
the lower cut-off frequencies respectively so that 


5 


or 


A~~fo 


A- ft 

' A 

A- 

2Q* 


\ 


Q 
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Similarly, considering the negative sign 


fo-A 


fo 


2 Q 


& 


Thus the 3 db bandwidth =£IF=/ 2 

fo . fo fo_ 

Qe 


fi —A ~~ fo -hfo —f\ 


+ 


2Q } ^2Q 

In case of pentode tubes used as tuned amplifier r„ is large 

correspondingly (A l) 0 ptimum should be large. To achieve large 

M, the distributed capacitance of the winding may become exces- 

swe, and the self resonant frequency may be so low that the coil 

may be of no use ; so the value of M is chosen below the optimum 
value. r 

(b) Tuned primary and tuned secondary radio frequency 
transformer-coupled amplifier (Band pass Amplifier) : In order to 
obtain high fidelity and high selectivity, the ideal response curve 
should have flat top and straight edges. The ideal response curve 
can be obtained by using two tank circuits tuned to the same fre- 
quency and coupled together. This circuit is called a band pass 

amplifier and is used as r.f. amplifier in superhet receiver. The 
circuit diagram is shown in fig. 6. 



Fig. 6 Band Pass Amplifier. 

(i) Voltage gain : 

Voltage gain of this amplifier can be calculated as follows : 

, The equivalent circuit of the amplifier is given in figure 7 (a). 

Cp is stray capacitance of the primary windings and Cp is the 

capacitance of the primary tuned circuit. The total shunt primary 
capacitance C P ' will be 


Cp'=Cp'+Cp. 

In calculations, we shall use only Cp and ignore Cp'. 

• -2 he et ? uivalent circuit of fig. 7 (a) can be simplified by apply- 
mg Thevenin’s theorem to the portion of the circuit lying left to 
the points GF of fig. 7 ( a ). The nr>f*n nirnuit voltaee of 


the points GF of fig. 7 ( a ). 

equivalent generator is 


_ » ^ 
The open circuit voltage 


the 
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Fig, 7. (a) Equivalent circuit of double tuned amplifier. 

r _ /lEl W e 

But r, };> j~£~ f° r pentode ; hence 


Ecc 


MEl 7o)Cp_g m E 1 

r T jcoCp’ 


The internal impedance of the equivalent generator will be 




rp - jcoC P 


r„+ : 


1 

jtoCp 


1 

joiCp 


Thus with generator voltage E 0 „ and internal impedance 
the equivalent circuit becomes as shown in figure 7 (fi). 


Z 



Fig. 7. (b) Simplified form of equivalent circuit of fig, 7(a). 
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from network anafysis (Chap* 3) that 



n^i+Z 


0 =Z, 1 I 1 +Z 22 I 2 J 
In the present case ; this implies 

Eo*= ZjppTp -f Z>p s l s , 

!• - Zp s lp + Z„Is . 

I women current m O tlltl 1 


Now, 



Is=- 

Eo c .Zp>s 


ZppZss — Z 2 />5 

II 

ft, 

ft. 

N 

= -ffp +/ 1 

( 

Zps= 



Z&s= 

M 

=**+/( 

r L *-^r s )- 


1 


5- 


..(15) 


A 


E , 

Ei 


/ 


I 


j'cdCs 


A 


E 1 

lue of I s from < 

1 

E 0 <7 Tjps 


ZppZ 


'pp^&s — T^ps E, 
Again substitute for E 00 and Z PS , 

1 


juiC S 


* m 


A 


gm E x 
JwCp 

2lpp Z 
Srn 


jioM.-. 


jioCs 


ss — Z 2 p S 

1 


j<»Cr JwM -faC s 

Zj^ps—Tjpp Zee 


_ Zipp Z^ s 

Primary and secondary are tuned to the same frequency, i- e - 

1 1 

...(17) 


Also 


0s 


1 

ViUCp) v(L s c s y 

*oqL p 

*p = 


**>o CpRp 


...( 18 ) 


Wf/CsjRs 

And coupling dissipation factor n is given by 

Af a «k 0 ZLj> oj„L s A/*u» 0 * 


K'QpQs 


Ep Jip Rg RpRs 
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or 


a =Ky/{Q P Q s ) 


ai(iM 


V(RrR s y 

where K is the coefficient of coupling. 

Further let 8 be the drift in frequency expressed as a 
of resonant frequency w 8 i.e. 


fraction 




<w — ax t 


or 


<t)„ 

(1 + 8 ). 

Now the expression for Z P p and Zss can be modified 

1 \ 


Z 


PP 


Rp +7 ^ 


<dL? 


OjCpJ 



-Rp+ 7 1 cu 0 (l + S) Lp 


1 


^0 (X+5) Cp 

= ^f+j[ QrRr (,+ S )- ( ^J-] 

=Rp+jQpRp [(1+5)— (l+8)- J ] 

=R* (l+j2ZQp). 

Similarly, Z ss=Rs (l+j 2S Q s ). 

<4 iid Zjps—jcoM , 

Putting the values of Zpp, Zps and Tjss from equation 
equation (16), we get 

^ _ joiCp'jwCs 1 M 

oj 2 m x — RpRs (l+j-2ZQp)(l+j 2%Q S ) 

jSm {™ 9 CpCs ) 

at*M* + R P Rs [1 ++28 (Qp + Qs)-4S 2 QpQ s ] 

For frequencies close to resonant frequency, we take 


-(19) 
(18) ia 


CuZZOJ 


JSm 


A 



M 


CpCs 


(o 0 M 2 -]-RpRs [l+y.28 ( Q?-\-Qs)~ 4&*QpQs\ 

M 1 

J ‘ 8m u> n C P Cs RpRs 


0^+ll+j-2HQr+Qs)-4S>Q fQsi 

1 1 

J 8v "v(RpR S ya> 0 CpCs ’Zm?; • ^( R f- 
1 + + * 7 ' 28 ' Q p + Cs) - WQeQs 
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Jg - a -^ch <; 

l+a 2 +j.2S ( Qp+Qs)-48 2 Q p Q s * 

j-Sm-a-QpQs\/( RpR s ) 

l+a 2 +j.26 {Qp+Q s ) — 46‘Q P Q S ' 

The gain at resonance will be obtained by setting 8=0. 


...( 20 ) 


• • 


A, 


680 


jgmO QrQsV(RpRs) 
l+a a 


The above ejcpression is generally required in a very popular 

form obtained by putting ' 

*=K 2 QpQ s in equation (20) 


a 


A r 


630’ 


ygm K\/(QpQ s ).QpQ s - > l /(Ji p ]f s ) 

l+K 2 QpQs 


J(tU( 


K 2 + 


1 


QpQs 


[A rM0 .] 


jgm KuoVjLpLs) 
K* + ~~ 

QpQs 

SmK 2nf 0 .\/ ( LpLs) 

K*+ 1 


QpQs 


...( 21 ) 


The expression shows that voltage amplification is dependent 
upon K t the coefficient of coupling. Therefore, when K is of such 
a Value so as to transfer maximum energy, voltage amplification is 

jplin g is called critical coupling and 


aximum. This amount of couplin g 
it expressed by relation 


K, 


1 


V(QpQ^i)’ 

Thus maximum amplification at resonant frequency will be 

j-gtrt‘ — > , ^ >, , (LpLs) 


(Af esojmax’ 


‘ (V QpQs) 


1 


+ 


1 


QpQs ‘ QpQs 

~j-gm-KfoXI'pLsQpQs) 1 l 2 

tiom.‘"oV (LpLsQpQs)]. 

11 is shown that when primary and secondary circuit £?’ s 
were approximately the same, the width of the response band was 


.. ( 22 ) 
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by the coefficient of coulping K according to th< 
width of pass band='\/2^ provided Qp—Qs- 


It is also found that 
when p imary and secon- 
dary Q values are the 
same the response curve 
has the maximum possi- 
ble single peak flatness 
in the vicinity of reson- 
ance. This is the posi- 
tion of critical coupling 
K c . For K>K e , response 
curve shows double 
humps. The phenomenon 
has been discussed in the 
chapter on resonant 
circuits. 

The important charac- 
teristics of tuned voltage 

amplifiers are : 



Fig. 8. Response curve of typical amplifier. 



(i) amplification at resonance. 

(») variation of amplification with frequency in the immediate 
vicinity of resonance, and 

(iil) discrimination against frequencies differing appreciably 
from resonance. 

(ii) Maximum voltage gain of over coupled double tuned 
amplifier : 

If a > 1, the circuit is said to be overcoupled. In this case 
the positions of the peaks of the response curve can be determined 
by differentiation of the square of the absolute value of A and equa- 
ting it to zero. The squa reot the absolute value of A is taken since 
the gain is maximum without any consideration to the phase. 
Hence from equation (20) 

iS~QpQsV( R i’ R s)} 2 ^ + 2 s )]* + [i + - WQpQs? 


d | A 


to zero, we get 


or 


Equating 

d_ 

d8 _ 

lil+a'-WQeQs} (~4QpQs x 2S)+2 {2 &(Qp+Q s )} 

(2 ( Qp+Qs )} 

~16 QpQs* {l+a I -462/? P G s }-f 8S (Q P +Q S )> 


[( i + _ AVQpQs )* + {28 (Q? + Q s )f j = 0 


0 

0 
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or 


{1 4-a*—4Vn P n s }- iQr + <2s} 2 

p • . 2 QpQs 

Rearranging equation (23), we have 

1 + a 2 { Qp+QsY 


...(23) 


S 2 = 


4QpQs ~%Qp*Qs 2 


« * 


a 



l + a 2 (0 p + (2s) 2 


QpQs 2{QpQ s Y 

j\ ( wn 


Usual ]y 0, is kept equal to Q s or very close to Q s so that 

V(0y>05)=(0i>+0s)/2. 


a 



a: 2 


QpQs 

or V(Ci.&)-±iv(je ! e,e 5 -i)-±iv'(fl«-i). 

we g f “ b «.<ut,ng the value of 8 from equation (24), in equation (20). 


...( 24 ) 


A 


max* 


J SmQpQsViBpRs) r « 

1 +a*4-2/ -y/(a 2 


l)-(o 2 -l) 


...( 25 ) 


LU 


iimn 


j S m QpQsViRpRs) m -: “ , ln 

. , 2 [1+y via 2 —!)] 

The numerical value of A mox . is given by 

A maX‘ = \g m Q P Q s y/(R p R s ) 

(iii) Bandwidth of double tuned amplifier : 

. T r h nnHf, nd ^ ith ^ of a doub Ie tuned amplifier when a=l (opti- 
i condition) and with Qp=Q s =Q m ay be calcu.ated from 

1 

Areso. T^26^f2 JdQ. ...( 26 ) 

The magnitude of (A/A reso .) is given by 

-A i 

Areto 


V{(i-2S 2 0 2 )2 + 4g202j 


1 


...(27) 


V( 1+48*04). 

over whichnnwpr 11 ' S d f-fi ne ^. as tbe w ^ dtb °f a band of frequencies 

maximum amnHfi, “* pI, !?»tioii does not fall below 1/^2 of the 

loss in amnlifirati'rt 3 't! n ' ^. e ^ racdon °f l/\/2 corresponds to 3 db 
If/i and f be tbe^ v 6n f Ce !t 1S ^ so cabed 3d& power bandwidth. 
l/w 2 of maximum v fre £ uenc * es for which the amplification is 

/V 2 ot maximum value, then 3 db bandwidth 

B=A~f. 

W2 ^ ga ' n d ° eS n0t ^ 
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Thus /o~/i = 


or 


1 /o 




v2-g 


and 


\/2 0 
/• _ / 1 /o 

/j /s -72§ 


Thus the band with =f 2 — fi 


v'2Q vz V(QrQ s y 


improvernent ^ an 

tuned circuit. P available as compared to signal 

13 *• AMPLBmf: 10 ™ PRODUCT OF TUNED 

In case of tuned amplifier voitapp coin of *. 
by the following expressions : ’ g g 1 resonanc e are given 

Single tuned capacitance coupled amplifier ■ A ~o r ^ 
Single tuned transformer coupled amplifier ■' 

TH oub H le ' une A a T'; f,er : A -= J ° a 

The bandwidrh of these amplifiers are also given below : 

Single tuned capacitance coupled amnlifier • B=~ 

Qe 

Single tuned transformer coupled amplifier : B= ^ 


C 

I 

e 


Double tuned amplifier 


Qe 


fo 


B= V2 ~r~L° # 

The oandwidth product of these u , . ' 

multiplying the voltage gain and bandwidth Now^? h^u ^ by 
late the bandwidth product in different cases : sha11 CaIcu “ 

(i) Single tuned capacitance coupled amDlifipv* • 

gmCO 0 2 L 


2n 


We know that <u 0 2 =(l ILC) 


or 


Ares. B 


8m 


<V£=(l/C) 


2nC 


^ 

In order to increase the bandwidth nrodurt * i 
should be reduced. In the lowest limit, the canacitv^r Ue i ° f ? 

ing gain bandwidth product is "" > f the lube and limit- 

f 

a TB 3 . B= ~. 8m . _ 

277 ( c *n+c out y 

Where CoW is the output capacitance of the amplifier and r • 
capacitance of the next stage. pmier and C,„ is input 
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(ii) Single tuned transformer coupled amplifier : 

The gain bandwidth product in this case is given by 

A res . B=g m co a MQ e x ( fj Q«) —g m co 0 Mf 0 

g m aj 0 *M 


Again 


a 


271 

M M 
V(LpLs) L 


1 or M=L 


Thus A rcs . B = = 

2-n 2nC" 

In the limiting case C=C in +C out . 

Sm 


/ires* 5 


2tz (C ln -\-C ou t) 


(iii) Double tuned amplifier : 

The gain band width product of double tuned amplifier with 

= 1 and Qp=Q s =Q is given by 

= QpQsV(RsBp)xV2f 0 /V(QrQs) 


parameter a 
A res . B 


^ 2 8™\ / '(QpQsRpRs)*(.<o 0 /2ir) 


_1_ gm Q 7?OJ q 

V2~ 2k 

1 ?nW 0 ~L 


2V2 

Sm 

KJTkC 


t: 


as QR=oj 0 L 


oj 0 2 L 


1 1C 


Sm 


W2n (C out +C in ) 

This expression shows that the gain bandwidth product of a 
double tuned amplifier is \/2 times that for a single tuned circuit. 

13-7. CASCADED TUNED AMPLIFIER : 

Sometimes we are interested in high gain of the amplifier then 
several identical stages of the tuned amplifiers are used. The over- 
all voltage gain is the product of the voltage gains of the individual 
stages. At the same time the high voltage gain is accompanied by 
a narrower bandwidth than for a single stage. The decrease in 
bandwidth can be determined as follows i 

Case (i) n stage of a single tuned amplifier : Let us consider 
that n identical stages of a single tuned direct coupled amplifier are 
connected in cascade. Our problem is to determine the overall gain 
and bandwidth of such an amplifier. 

r _ c th . at ttle Native gain of a single tuned amplifier with 

respect to the gain at resonant frequency f 0 is given by the expression 
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A 


1 


~(I) 


69 


...( 2 ) 


Are,) VI 1+ (2 8Q e y] 

Now the gain of n stage cascade amplifier becomes 
A r 1 ]» 1 

vUT(2dQj^l = U+ ( 2Se a )*j»/«~ 

eauatSfo? 6 relat,ve | ain (^r«.) is put to 1/^2, the 

•*. [I+(25e fl y 2 ]»' 2 =V2 

° r „ , l+(2S0 a ) 2 -2>/» or 28^=4- ( 2 i/n_ni /2 

Substituting the value of 8 in equation (3), we have ^ ’ 

2{ /-/o)_ Q g== ± ( 2 l/n — l)l/a # 


iu 

should be 


ft 


0 


Now fo-fi = £rV(2'l’'-l) 


and 


2Q 0 

fo 




fo 


l)+ iQ-yw 

l)=5 J V(2 1 /"-l), 


1) 


Thus the bandwidth of an n-stage identical amplifier is 

"I" J 2 Jl—Jz—fo+fo—f 

=iQ-y (2 '" 

-iV 2 "”- 

where B ln is the bandwidth of n stages ^ j 

order to maintain a prescribed 3 db bandwidth g »t .■« mp fier - 

2 ° f thC tU " ed are 

«age?!f a (i &r„ed : L ? there * • 

Q» is effective Q of the tuned circuit in t’cal coupling a—\ and 

voltage gain of n stages of double tuned ampHfitfwiin£ re ' a,iVe 

I -d_V 1 

\A r>u . J [1+48*2*]"/* • 

To find the --pondiu^aMwidtb, i, is note d .ha, 

Of SQ=±y ( 


...( 5 ) 
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f ~f=±iQ 

The negative sign corresponds to the lower jut off frequency 
ana the positive sign corresponds to the upper cut off frequency 

••• 1) 
and y (2 i/n_ 1) . 

Thus the bandwidth of n identical stage double tuned ampli- 
fier is 



^2f=/ 2 — / 1 =^^'(2 1 /» - 1), 

where B« n is the bandwidth of n stage cascade double ttuyrd ampli- 
fier and B 2 is the bandwidth for each single stage. Equation (7) 

shows that the bandwidth is reduced by the factor ^'(2 1 ' n ~l). 

The bandwidth reduction factor is tabulated in the following 
table : 


Number of stag 

n 

1 

2 

3 

4 

5 


TABLE 

Bandwidth reduction factor 
^/(2 1 /n_l) 

1 

0*802 
0-713 
0*659 
0 622 


Thus for a two stage double tuned amplifier, 3 db bandwidth 
reduces to 80*2% of the value of one stage. This reduction is 
smaller than the corresponding reduction in single tuned amplifier. 


13*8. STAGGERED TUNED AMPLIFIERS : 


In order to have high gain wideband amplification one may 
use a single tuned or a double tuned amplifier with a coil having 
a small value of Q. The desired gain can be obtained by t he use 
^f several cascaded stages. For a specified gain bandwidth product, 
double tuned cascade stages are preferred in comparison to the 
single tuned one. But it is very difficult to make alignment of the 
double tuned circuits. The alternate method to obtain a large 
bandwidth and other desirable characteristics of the double tuned 

circuits by a single tuned circuit is the staggered tuned circuits. The 
method is as follows : 


In staggered tuned circuits, two single tuned cascade ampli- 
fiers having a certain bandwidth are taken. The resonant frequen- 
cies of the each tuned circuit of each stage are so adjusted that 
they are separated by an amount equal to the bandwidth of each 


Radio Frequency Amplifiers 

th * resonant frequencies are displaced 
f staggered tuned circuits F gur e 

combined cam chflrar:ffric+;,»o .. . ® urs 
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or staggered, 
9 shows the 




9. The adjustment of frequency of a staggered tuned pair, 
times a^rea!^* l “ v * a band - d * that is V 2 

cal in form with that » J? ? selectivity function will be identi- 

we shall obtain the ex nressino fn?^ double , tuned system. Now 

nstic of the staggered tuned nair Thi- res P° nse characte- 

•uncd dire* - * -*■• 

A 1 1 


..( 1 ) 


B=28f 0 


where t'"' ’ +j 2SQe 1 +J X ’ 

where 2 8Q e =x. 

The bandwidth between the 70% relative gain points is 

= /o 

Q* 0 (2) 

Sinec one stage is tuned to a freouerrrv ^ r i ^ , ' 

other stage is tuned to a frequency d?f n a bLe° aDd th f 

mg selectivity functions of the circuits a« /# ’ h «>rrespond- 

f-A_\ 1 

\Are»- / i 


and 




l+j (x+ iy 

By multiplying the relative gains 
overall gain function becomes 

f-M ( A W. a 

\Arts ) pair \ A ra , /j y 


- (3) 

m the two amplifiers, the 


A,. 
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1 

~2-x 2 +2jx ■ ..(5) 

The magnitude of the resulting function is 

! =J ! 

\Ares )i \A res / 2 VX^-fiX 4 ) \/(l +4S 0 4 Q 4 )’ •••(6) 

where S 0 is the value of S referred to the new frequency o> 0 and Q 
is the value of Q 0 for each circuit referred to a> 0 . The comparison 
of equation (6) with double tuned circuit shows that the forms of 
variation are identical. 

13 9. TUNED POWER AMPLIFIERS : 

We have seen that low frequency or high frequency voltage 
amplification is always done under class A because the amplified 
output is free from distortion. When power output is the main con- 
sideration, a tuned power amplifier is used. The tuned power 
amplifier converts the d.c. power from the plate supply source into 
r.f. power. Thus the amplifier circuit should be designed in such 
a manner that the conversion of d.c. power into r.f power may 
take place with maximum efficiency. The most efficient condition 
is the class C operation in which the grid is biased beyond cut-off. 
When a sinusoidal signal is applied between grid and cathode, the 
plate current flows only for that part of the signal voltage cycle 
which makes the grid voltage less than the cut-off value. Now the 
plate current consists of a series of pulses The output voltage has 
no resemblance with input signal voltage and if the anode load is 
a resistor, the output wave is gross distorted. However, if the anode 
load is a parallel tuned circuit, tuned to the signal frequency, the 
output voltage is still sinusoidal even though the plate current is 
nonsinusoidal. This can be explained as follows \ 

The current pulse from supply voltage source E b b flowing into 
the tuned circuit are periodic and non sinusoidal. It can be shown 
by Fourier series that they consists of fundamental and a large 
number ol harmonics. The tuned circuit offers large impedance to 
the fundamental component of the current and hence a large output 
voltage is developed across its terminals. At the same time, the 
tuned circuit offers a very low impedance at harmonic frequencies 
and thus there will be negligible output at these frequencies. Thus 
a signal of single frequency or a narrow band of frequencies can 
be amplified from a lower level to a high power level by a tuned 
class C amplifier with small amount of distortion. 

The tuned powe- amplifier can also be operated under class B 
which has some advantages over class C. Firstly, there are smaller 

harmonic contents because the plate current pulses are exactly ha t- 

sinusoids for a sinusoidal input voltage. Secondly, the outpu 
voltage is proportional to the magnitude of the input signal oecau 
class fiisa linear operation. Due to this fact a class B tun 
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modulated S sSk t0 S / gna i s of var 7 in g amplitude such as 

Clasfc on?™ ? ‘ lu and r put volta S e are identical while under 
current d St ’ h ® envelope waveform of the resulting plate 

mich distorted C ° rreSp ° nd t0 that of in P ut si g^l and hence very 


13- 10. 


AMPLIFIER 


in fid arran g ement of tune d power amplifier is shown 

° ng : L! 0, ‘ The circu,t arrangement is the same as that o a single 
tuned direct coupled voltage amplifier. The essential differences are 
the magnitude of grid supply voltage E cc , signal voltage e e , and 

the amount of power involved. 6 " 



Fig 10. Basic circuit o a tuned power amplifier. 


Under class C operation, the valve has to handle a large power 
hence triodes are preferred than pentodes. The plate can be kept 
below safe temperature by a water tooling system (in high power 
transmitters) whereas the temperature of screen grid of a pentode 
can not be so limited. Therefore, the size and rating cf a pentode 
is limited by heating of the screen. The triodes are free from this 

limitation. (For low power amplifiers tetrodes and pentodes may 

be used). Triodes have a drawback of a large grid to plate capa- 
citance ( C av ) through which unwanted feed back occurs but this can 
be eliminated by neutralising circuits. 


In the cathode circuit a fixed bias battery E cc is used instead of 
RkC k combination for self biasing. I his is due to the fact that no 
d c. plate current flows and so no bias voltage can be developed if 
RkC k combination is used. The grid leak bias which develops only 
when the input signal is present can be used but it is also unsuita- 
ble because under quiescent condition the grid bias would be large 
enough to damage the tube. In actual practice a combination of 
fixed bias and grid leak bias is used for satisfactory operation. A 
combination of fixed bias and cathode bias is also not used because 

of losses that may occur in biasing resistor R k due to heavy plate 
current. 


The input signal e, is applied to the grid through a tuned 
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circuit, tuned to the signal frequency. The load Z L is inductively 
coupled to the plate tuned circuit. It Zl is purely resistive the 
effect of coupling would be to increase R and reduce the Q factor 
of the tuned circuit. If the Q of the tuned plate circuit is 10 or 
more, the impedance of the tank circuit to the second or higher 
harmonics will be very low. Thus the effect of harmonic genera- 
tion in the tube plate current is suppressed by the tuned plate load. 

The amplifier can be operated under class B or class C by 
adjusting the bias E„ to plate current cut-off or beyond plate current 
cut off respectively. Class B amplifier is used to amplify a narrow 
band of frequencies of differing amplitudes while class C amplifier 
is confined to narrowband of frequencies of constant amplitudes. 

13 11. ANALYTICAL ANALYSIS OF CLASS B TUNED 

AMPLIFIER : 

Under class B operation, the grid bias voltage is adjusted to 
cut off value so that no plate current flows with zero signal voitag 
while plate current flows for positive half of the a.c. signal app * e ‘ 
These amplifiers are used in radio transmitter for power amp i c 
tion of modulated carrier. The analysis of the amplifier involves, 
the determination of factors like d.c. power ted from the supp y 
source, the a.c. power output, efficiency, grid driving potentia, 

shape of the plate current wave and the corresponding n; a 

components of the plate current etc. with permissible hunts oi r p ' 
dissipation, grid dissipation and ot' er limiting factors., 
lysis is based on the following simplifying assumptions : 

(i) triode characteristics are linear (this is most important, 
without this circuit linear method of analysis is inva i 

(fi) tuned plate circuit is tuned to the input signal frequency. 

(Hi) grid input signal is sinusoidal. 

(/v) the bias is such that the plate current is zero for ze 
signal voltage. 

(v) Q of the tuned circuit is high enough so that the 
dance of the tank circuit is negligible at harmonic 


encies. 

For the analysis, following specific procedure is followed 

(i) Representation of tube characteristic in analytical f° 
We know that plate current is a function of pla f e P° 


tial 


and grid potential i.e., 


lb '/ (^t £/>)• , , JP gj 

The above expression does not give a direct re at '° r - ve£ j j,y 
function /is unknown. - The actual rela ionship can 
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Taylor’s series expansion and is given 


ib=k e c -\- 


Cb \n 

— ) , where k and a 
V- I 


n 


As the plate characteristics are straight 
1 and hence 


by 

are constants. 

line and equally spaced, 


ib==k { e ‘+f)- 

ib — instantaneous total plate current, 
e c — instantaneous total grid voltage, 
eh= instantaneous total plate voltage. 

The partial differential of ib with respect to e c is 



di b _(Aib\ 

However, ^-[^J ei , =com C 

provided U 


gm 


0 



This is the first term of Taylor expansion for current. Equa- 
tion (1) represents the triode charcteristics in terms of the equiva- 
lent diode voltage ( e c + is plotted against a 

straight line with slope g m is obtained. 

(//) Cut-offbias : Under the cut-off condition (4=0), if E b b 
and Ecc are plate supply voltage and grid bias voltage respectively 
then eb~Ebb and e e —E cc .. From equation (1), we have 



0 =g m 



the cut- off bias 




(iii) Equivalent circuit : Since Q of the tuned circuit is large, 
its impedance to harmonic frequencies of the grid signal is assumed 
to be zero. Thus for a sinusoidal grid signal the plate voltage will 
also be sinusoidal and 180° out of phase with grid voltage. Now 

the instantaneous potentials can be written as 

e g —E gm cos tot 

e e =E cc +EtmCosuit ...( 3 ) 

eb—Ebb—E v m cos out 

Substituting these values in equation (1), we get 
ib—grn ^ E c< -\-E gn cos wt -\--~ — ~~ cos 
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E 


pm 


8m ^ Eg m COS Olt 


8m I E om — —~ I COS tot 




cos <ot) as ^E ee +^)= 0 


Ibm COS tot 


..(4) 


The equation (4) for the current is valid when tot is lying in 
the first and fourth quadrant. For other values 4=0. Hence, 

ib = Ibm COS cot — rt n <7^/2 


4= 0 


■7t/2 

7c/2 <C cot < 37t/2 


..•(5) 


where 


Ib 


m 


m 


p Epm 
J-'om 


The average value of plate current is 




1 


2t7Jo 

Ibm 


iv r +37/2 

ib d(cot) — j Ibm COS U)t d((Ot) 


72 


77 

The fundamental component of plate current is 

T 1 [ ZW . 

J Pim= — 1 4 COS cot d(cot) 

71 Jo 

* /2 L 

Ibm cos 3 cot d(cot) =* 4r 
o 2 


...( 6 ) 



...(7) 

At resonance Z (a > 0 )=/? 0 is resistive and the output voltage at 
fundamental frequency is 


Rpim — Ip\m*Ro~ R q 


p s j 


E, 


E 


pint 


am 


Of 


Eeim + Y 8m g m E t 


am 


F 


plm 


1 + 


R 


) = ~° 8m E am 


R 


Plm — Rq 


or 


l 


2 r p 

M Rom 

R$-\-2rp 
HE gm 


Plm R 0 +2r, 

The r.m.s. value of the fundamental 


/ 




V- Eg 

F<i+ 2 r 


.,,( 8 ) 

component current is 

n.(9) 
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The equivalent a.c. circuit for 
the fundamental component of the 
linear class B tuned amplifier as sugg- 
ested by equation (9) is shown in 
fig. (11). This circuit is only applicable 
for the calculation of fundamental 
component of the plate current of 
angular frequency oj 0 . The voltage 

gain of the amplifier is 

a —Eb_ v-Rq 

E, 2 r p +R 0 ...(10) 


zr„ 




gain of the amplifier is F »g* n * Equivalent circuit 

E p fxR 0 of Class B tuned amplifier 

A== E t == ~2r tf +R 0 ...(10) g e r q f “ ndamental angular 

(/v) Power output and efficiency : The power delivered to the 
tuned circuit is 

Pac=W R o =( Ro + 2rj) R ° ...(11) 

and power supplied by the plate voltage supply source E bb , is, 

Phb—Ebb.h—Ebb ! —=Ebb. V hm—2 I nm 


Ebb • 


E b b. 2Ieim 

77 

V 4m — 2 Ipim 

f^Egm \ 

Ro+2r p ) 

...(12) 


Plate circuit efficiency 

*bb 


Ep fjn 

Ebb • I b 


Ebb 


Eff-Tyi 

■It) 


■E p • Ep,Ipi_.TZ 

Ejb-2/pim Ebb(2y/2 Ip\) 

Ep TC Eprn 77 

z &b 2V2 = E^ # 4 
= 78-5^- % 


...(13) 


Where Epm is the maximum amplitude of fundamental com- 
ponent of the plate voltage. 

The plate dissipation (assuming no a.c. losses in tuned circuit) 


Pbb 


E bb 


■H 


PEgm \ t&EgffPRQ 

R^-\-2r p ) 2(/? 0 +2r |r ) 2 


...(14) 


Alternately, it can be expressed as 

P*=Pbb ( l-y^j = Pbb (l-V,) 


...( 15 ) 
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From equation (11) it is clear that the a.c. power output is 
proportional to the square of input voltage (Ef). Hence grid drive 
should be as large as possible. When ( e c ) max > ( e „) min , the 

relationship derived above for no longer holds good because 
the grid is positive and draws a larger current and consequently 
the plate current decreases. Now the power output P ae no longer 
increases as the square of E g . Due to this fact the power amplifica- 
tion decreases and harmonic in plate current increases in magni- 
tude. Thus (e c ) max is never made to exceed ( e b )min • 

The output power, efficiency and plate dissipation can be cal- 
culated from the optimum condition ( e c ) max .=(e b ) min . 

We have, 


• • 


or 


(& e)max • 

E cc -\- E gm - 

Egm~{~ Ep m 


-Ecc + Egtn 

: Ebb Ep m 

Ebb Eptn 
z Ebb Eqq 

zr i Ehh 

Ebb + 


E 


Ebb 


H- 

•4) 


cc 


Ejbln 


E 


am 


** ( *4) 


Ebb 


E 


or 


E 


am 


i+ 


pR 0 


2r s -{-R, 


( *4) 

=E>t ( '4) 

M'4) 


pm 


IpX m E 0 


pE. 


am 


2 rp-\-R* 


-X* 


Egm — Ebb 



2r D +Ro 


2r p +Ro(l+P) 


v r* J L^'p i v' 1 * 'J ' 

The equation (16) shows that a large value of grid drive 
(required for high power output) can be used if Ebb is made large. 
As the maximum allowable d.c. plate voltage for specified tube 
is fixed by the manufacturer, nence E hb can not be changed at will. 

Now from equations (9) and ^16), we have 

T __E bb (fi+l) 1 


and fro 


V2 * 2r,-K/*+l) 
equations (5) and (6) 

Jbm 2/»im 2y/2 Ip\ 


...( 17 ) 
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or 


ih) 


2 uE 


am 


av 


n 2 r v-\-R 0 ...(18) 

Substituting the value of E gm from eq. (16) in equation (18). 
we have v y 

(h)av = — E bb (/*+l). y - - * - 

71 2r p+(/*+l)^o •••(19) 

Now efficiency corresponding to optimum condition i.e. 

(,C b )max 9== {,Cb)m1n* is 

1 rimRo 
Ebb 

0*+i) R 0 _ 

...( 20 ) 


Vp 


n E 

4~ 


pm 


TZ 


E 


lb 


7T 


4 2r p -\-(n-+-l) R 

The plate dissipation Pd=Pbb—P<K 

= Ebb (>b)av ~ 

0*+U Ebb 2 


2 


WE 


o 


7t 2rj, 1) i? 0 


(/x+1) 2 Ebb 3 R n 

2 U#V + (M+l) A 0 j J 

•( 21 ) 


The equation gives allowable plate dissipation in terms of tube 
parameters and impedance of the load (R ) at resonant frequency. 

The value of R 0 for optimum condition can be obtained from 
the following expression 


*o 2 + 


4r 


+ 


Ebb 2 


</H-ir p 



4r v 


(M-l) i+ 0*-H) F d 


4r p Ebb 2 


=0 

...( 22 ) 

231 2. TUNED CLASS C AMPLIFIER 

A class C amplifier is one in which high output and plate 
efficiency are the primary considerations The grid is negatively 
biased to a point considerably beyend cut-off with the result that 
plate current flows in pulses and lasts for less than half a cycle 
There is practically no output for small grid signal voltage because 
the plate curent is zero ; thus the amplitude of the output voltage 
is not proportional to the input voltage. However, the output is 
sinusoidal for the sinusoidal input, because of the tuned load Class 
C amplifiers are useful only to amplify a signal of constant amnli 
tude. Plate efficiency is about 85%. p 

The basic circuits for class C amplifier are shown in figure 12 
There are two types : (i) series fed, and (//) shunt fed. 6 

In series fed types the d.c. component of plate current flows 
through d.c supply and circuit in series. In shunt fed the dT 
component of plate circuit flows through radio frequenev choke 
(RFC) while a.c. component through tank circuit andWock 
ing capacitor C c . There are two advantages of shunt fed First lv 
m this case less insulation is required because one side of tank 
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circuit is earthed instead of the whole coil being above ground 
potential. Secondary, the d.c. supply is not short-circuited even if 
there is an arc between the coil and earth. 



Output 


<«) 



output 


..... r 

Fig. 12. (o) Series fed, (f>) Shunt fed type tuned power ampin ier. 

Waveforms of grid voltage, plate voltage and plate c urr ™ , 
both types are similar and are shown in figure (13). As the 
circuit offers a pure resistance at resonant frequency, the 
plate voltage is 180° out of phase with grid voltage. 



cutoff bos 

tine 


T bios t/tfO 

Eqvl 

-L f 

Fig. 13. Waveforms of grid voltage, plate voltage and plate curren 

in class C tuned amplifier. 
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The following important points may be noted for the operation 
of class C tuned power amplifier : 

1. The plate current flows for a period less than half the a.c. 
cycle when plate voltage is near about its minimum. 

2. As the plate current flows for less than 180°, it is more 
distorted than in class B tuned amplifier and consequently 
it is more rich in harmonics 

3. As the plate current flows in the pulses, the power flow to 
the tuned circuit of the plate is not continuous 

A. The grid and plate voltages are sinusoidal as they appear 
across the tuned circuit. They are 180° out of phase. The 
load has no reactive component when tuned to resonance. 

5. The maximum positive value of grid voltage is approxi- 
mately equal to the minimum value of plate voltage (i.e., 
(^c)max* —(e b ) min . as in class B tuned amplifier. If this 
is not so the plate dissipation and grid losses would in- 
crease which result in a decrease of plate efficiency. 

6. When the grid voltage is positive with respect to cathode, 
the grid current flow's. This amount to large power flow in 
grid-cathode circuit. The power is derived from the input 
(or driver) signal source. Therefore, driver circuit should 
be designed to furnish the power iequired to drive class C 
amplifier. 

7. Class C tuned power amplifier can handle only a signal of 
constant amplitude. It is not suitable to amplify signals of 
varying amplitude such as amplitude modulated signals. 

13 13. ANALYSIS OF CLASS C POWER AMPLIFIER : 

The aim of this section is to consider the different steps which 
lead to the approximate design of class C power amplifier. The 
first step is to compute the ratio of peak current to average current 
and the ratio of fundamental to the average current for various angular 
widths of the plate current. For this purpose it s assumed that the 
plate pulse is a portion of cosine wave as shown in figure (14) 
having the same frequency as that of the input signal. The conti- 


nuous curve indicates the plate current 
pulse and dotted part sho>s the ex- 
tension of cosine curve. Here d v is the 
conduction angle. With O as the origin, 
the equation of the curve can be repre- 
sented as /=/ cos cot Now the instan- 
taneous value of the plate current is 

ib—i (cot)— I cos dpi 2 

= / cos wt— I cos 9 p l 2 
or i h —I (cos cot— cos 0„/2). -..(I) 

Using Fourier Series the plate 
current can be expressed as 



Fig. 14. Showing the plate 


current which is a 
part of cosine curve. 


h=(h) av COS d)t /p2tn COS 2cut 
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2* 


>/2 


si- 


dpl2 1 ^ C ° S ° )t ~ C0S 9 pI 2 ) d M) 


275 

/ 


sin to?— cos 0 P 


,/2 .< ot ) p/2 

J--0p/2 


(sin 0pl2—2.cos0 P /2). 


From figure (14), 

Ibm = I — / COS Op) 2. 

From equations (2) and (3), 

_hm 77 (1 — COS Qp/2 ) 

(4)at>,~(sin 9pl2-6 p /2.cos 6 p /2) 


...( 2 ) 

...(3) 


• m » # l / 

The fundamental component of the plate current is given by 


...(4) 


Pim 


1 f 2 * 

— j /ft cos CO/, </ (cot) 


1 (9 pi 2 

IT I / (cos co/— cos 0p/2) cos co/.*/ (co/) 

" J — G<pjZ 

1 f Op/2 

(cos 2 co/— cos ^/2.cos co/) d (to/) 

rc J — Op 1 2, 

Ce p /2 

J— 9,/2 ^ ( 1 + cos 2co/)— J (cos (c ot + dp/ 2 ) 




c o/ + 


sin 2co/ 


-f-cos (co/ - *,/2)}] d (co/) 


ijsin (cot+6 P /2) 


+sin (c ot—dp/2) 


f [t- 5 sin c 'l 


l»»/2 1 

j — 0p/2j 


or 


^im 


7_ 

7T 


2 


sin Op/ 2 . cos 6/^/2 1 


Now / 


x>i 


\/2j7 [ 


sin 0p/2 cos ^/2 J 


Pim 


...( 5 ) 

y/2Jp\- 


. Ip\ 1 (0^/2— sin 9 P I 2.cos 9 p /2) 

(4W“ V2 # vsin dpll^dpllxos e p /2) * •• ( 6 ) 

The second step is to compute the average and fundamental 
components of grid current : As grid current— grid voltage charac- 
teristic is not linear, the grid current pulse is somewhat different 
from that of plate current pulse. To a first approximation the grid 
current pulse may be assumed to be a sine squared function as 
shown in figure (5) by a dotted rectangular pulse. It can be seen 
from the figure that conduction angle of grid current pulse 0 g is 
slightly less than the conduction angle Q ff of the plate current pulse. 
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*-i/ 

\: 1 

_/ 

\j [mot 

1 


1 ^ 

^ ! 


U>& 




cut 


r /h— vH 

t.i 


t cutoff 
d/os tine 



Grid dios 
//tie 


Fig. 15. Grid input voltage and grid current pulses of class C amplifier. 

analysis 6 a g s ld CUrreDt pulse Can be ^presented from Fourier scries 

/«=(/«) at?* + /(7im COS COS 2c 0t+ .. 

follow V s e : rage and fundamental ^mpouents can be calculated as 


(Io)av 


i r* . 

^ Jo '' 


d(u>t) 


Og/2 


and 


aim 


” * u 

i [ l7r . 

— j i c cos wt.d (wt) 


...(7) 


o 

f e„/2 . 

I / c cos cof.r/ (o»f) 


2 [o a /2 

= - led (ort, 

77 JO /g\ 

because the grid current flows for a relatively small nortion of th« 

Sf neighbourhood of e„- 0 and be/ce .he ‘vaTue of cos 
can be taken as unity. 

Therefore /«»- 2 (7 0 ) ae . 

or V2 =V2 

N °w Trk~ ~1*4 (when 0„=O) 

l • /g% 

Similarly, the value of (I a )max-Hh)av can be calculated but this it 
somewhat complicated. oul inis “ 

t , third step is to compute the grid bias : I n oiuer to show 

6gure (13) are reproduced in figure (16). ?,“ „b 8 erJed from rhl 
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figure that 6 g /2 is that value of at at which the instantaneous grid 
voltage is zero and the grid current drop to partically zero. 
Similarly, d P /2 is that value of at at which the plate current drops 
to zero. 



Fig. 16. Grid and plate voltage waveforms of a class C amplifier. 
The plate current is zero at iot=dpl2, hence the corresponding 
grid voltage, which is, of course, the cut off grid bias is 

or simply (e c ) 9 =- ( -^. .. (10) 

The instantaneous values of grid and plate voltages are expressed 
as 


( e e)$m.9j2 


or 

and 

or 


e 0 =E C0 +E grn cos wt 

(ee) 6 =E C e+Egm cos 0 P [2 (Y a>t = 0 


$ — ^co i 

e b = E bb — cos cut 


9,12) 


0 &) 


0 


E ee . 


E bb —E pm cos 0 P ! 2. 

Also Ep m =E bb —(e b ) m i n . and E gm =(e 0 ) m ax- 
Substituting equation (13) in equations (It) and (l2), we get 

(Co)l = E co -\- [(Cc)flto** — Eee] cos ®p!2 


...(H) 

...( 12 ) 

...(13) 


and 


( e b*t — E bb — [E bb — ( e b ) m in ] COS dp! 2. 

Using equation (10), we have 

E b c~\' [(^c)maa* E C c] COS dpj2. 

1 [& b -{E bb ~(e b ) min } cos dp 12] 


...(14) 

...(15) 




or 


E 


cc 


1 (1 

1— cos Op / 2 | fj- v 


cos dp! 2) 


+ 


(e b )min' 


+ (*«) 


mox 


} 


...(16) 
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Thus the grid bias can be calculated from equation (16). 

The last step is to compute the grid driving power and grid ais~ 

sipation. Instantaneous grid power supplied by the driving source 

tor signal) is e 9 J c . Hence the average grid power supplied by the 
driving source is 

1 f 2 * 

F o ^ I d (co/)« 

J 0 

Now we assume that the grid potential is at its maximum 
value when the grid current flows and does not vary appreciably 
during this interval. 7 

E. 


Hence 


om 
2 tt 


J 2n 

o If d E pm . (/f)ac- ...(17) 


The grid dissipation i.e., the loss in the cathode grid circuit is 
given by 

_ 1 f 2 » 1 Cm 

Pc= ^\ 0 eeicd ^ == 2^j 0 ( E “+e g )i< d(ajt) 

= E CQ (4) av ~\-E om ( l c ) av 

= FcC + Pg ...( 18 ) 

The first term is the amount of power absorbed by the d.c. 
grid battery source from the signal because 

PcG= h ST Egc k d M=£*.(4)a*. 

Actually Ece is negative, hence the grid dissipation is 

Fc~Pq~ | Pec |« •••( 19 ) 

Example. Design a class C radio frequency power amplifier for 
continuous working using a high power triode tube with the following 

specifications : 

u=25, £^=2,000 F, £*=250 V> ( J b ) av =500mA , ( J c ) a ^15mA . 

4/(4 )a©== 1*25, Plate dissipation ^ 250 watts . 

Plate efficiency = 7 • 5% 

(cb)min : =(Ce) m ax—200V for a current 1*9 amp . 

P ac Pao 

Vv= 


or 


We know that 

*bb *d+*ae 

Pac (1 — 7 lp) =z P<t Vp 
p -I*?* 9^5x250_ 

.. 1 — 7j p 1-0-75 ~ 750 watt - 

Total power input to the circuit Pbb=P ao +Pd 


Now 


Ebb (4 )at>» : 

(4)ot»r 


1000 

1000 

2000 


750+250=1,000 watt 


0*50 amp. 


or 
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Hence the specification s for the design of amplifier are 
E bb = 2000£, (r b ) av .=G-5A and 0,/ 2=75° (say) 

(i) from equation (4) 

Jbm 7t (1— COS 9 P [2\ - g 

(/6) a c~(siti e p /2-0 p /2. cos 0„/2) 

.'. (/6)ma*.=3 , 8x0'5 = l , 9 amp. 

(ii) (e b ) min =(e c ) max .=200 volt. 

(iii) £,«=£t*-(e*)m<«=20C0-200=1800 

£*=^-=0-707 £ pM =0-707x 1800 volt.- 1272-6 volt. 
V2 

(iv) From equation (6) / p /(/&) af ,. = l - 20 

R.M.S. plate current=/ p =l-20x(/&)a,>. 

= 1-10x0-5=0-60 amp. 

(v) A.C. power output=£ p x/ p = 1272-6x0-60=763-56 watt. 

(vi) Total power input of the plate circuit=£&& X(4) aw 

=2000x0 5 
= 1000 watt. 


(vii) Plate circuit efficiency =y P 


763-56 

1000 


76-4% 


£ 


CC 


(viil) The grid bias E ce is 

1 

1— cos 6 V I2 


^^l_ cos0J)/ 2j + | (e -^: +(*)«« j cos 6,12 


1 T2000 


200 


t 2 


r-iiei'if < 1 - 0 ' 26 )+(t5+ 200 

80x0-74+208x0-26 j 


0 



1 


0-74 


x 113-28 


153 volt. 


(ix) R.M.S. value of the grid voltage 
£,=0-707 £ Pm =0-707 [(e 0 ) max - E ce ] 

=0-767 [200+153] 

=249-571 volt. 


00 7 e /(4V=l-25 .-. 4=1-25 X(7,V 

= 1-25x0-075 
=009375 

(xi) Grid driving power=£ I7 .7 (; =249-571 x 0-02375 

=23-4 watts. 

13 14 SELF OSCILLATIONS IN AMPLIFIERS : 

Due to the inter electrode capacities between different 
the feed back of energy takes place which produces self-osciitau 
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Int *™ plifiers » especially at high frequencies. The most important 
mter-electrode capacity from this point of view is that existing 

of mode having tuned circuits, one in between grid and filament 
and other in plate circuit as shown in 
“8* 17. The two tuned circuits are 
connected together by virtue of C 
The transference of energy takes plaice 
trom the tuned plate circuit back to the 
input circuit. Greater the value of C ot) 
the higher is the coefficient of coupling 
between the circuits and greater is the 
amount of energy, fed back. Due to this 

nS takC Place> Variou s F*g. 17. Triode with 
S^f o2ladnnf d f °H- th f preVention of tuned circuits. 

Neutralising circuits : 

Figure 1 8 (a) and 1 8 (b) show the form of the bridge circuit. 




Fig. 18. (a) Neutralising circuit. 

(b) Its equivatent circuit. 

The cathode terminal instead of connecting at thp lnu/P r 

inductance into two parts L n and 7 \ hich divides the 

input coil is connected to the plate through hala* ^ ^ 

C. The terminals p and q of the inpm dSt » h™" 8 , COndenser 
output circuit constitute two pairs of d.agonailv n onnn^ P ° f the , 
a bridge as shown in fig. 13 ( b ). When the bridge ThaWd* 5 


L a 

L b 


Cn 

c 


av 


This balance is independent of frequency 

nnn This neutralising circuit is commonly used 
power amplifiers in transmitting sets. * d 


in radio frequency 
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1315. NOISE IN AMPLIFIERS : 

In the absence of any input signal, all amplifiers give some 
output and thus unwanted output is referred to as noise. The noise 
is introduced by a number of sources. The important sources are 
(0 inherent particle nature of electron flow in tubes and (//) due 
to circuit sources external to the tubes. Here we shall discuss the 
noise produced due to different sources in brief. 

(i) Thermal noise : Every electric conductor produces irregu- 
larly varying voltage across its terminals due to the random motion 
of the free electrons present in conductor caused by thermal action. 
This effect is known as circuit noise, resistance noise or Johnson 
noise. The noise energy is distributed over all frequencies and is 
believed due to impact of electrons with molecules, each impact 
producing a very short pulse. The thermal noise voltage developed 
in a resistor R is found to be 

Enoitt = V(4kRTAf), 

where fc = Boltzmann’s constant, 

T— temperature, K, 

R= resistance, ohm, and 

4/==bandwidth accepted by the circuit. Because all the circuit 
components have resistance, Johnson noise is present in all circuit 
components. 

(ii) Shot noise : This is due to the random emission °^ e ^ s 
trons from a cathode. The noise is reduced when the tube °P? e 
under space charge limited conditions because the ^ space ® 
reservoir of electrons tends to smooth out the individual c 

pulses. This noise is uniformly distributed over the useful ,r ®jj ■ s 

range. For triodes working under space charge limited con ^ 
the equivalent noise resistance due to the shot noise is gi ve 



where g m is the transconductance of the tube. . • 

(iii) Gas noise : The positiv e ions produced due to 1 ® l fen t 

zation of the remaining gas in tube, causes the r j^. om • j' s n ot 
disturbances as they penetrate the space charge. This n 
appreciable above 1 megacycles. . rre . 

(iv) Partition noise : The noise is produced due e js 

gular division of current between the two or more e '^ c | r p e ^todes 
arbitrary whether the electron- goes to screen or to pla e. one 
are more noisy in comparison to triodes because in a' p - va | en t 
has partition noise in addition to shot effect noise. I e Den tode 
grid resistance representing the noise of a negative g 

amplifier is given approximately by 

R - h I 2 ' 5 I 20 '‘= ) 

" h+lc 2 1 tv ) 
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where /*>= d.c. plate current, 

/^—d.c. screen current, 

g m == transconductance. 

Microphone noise : The noise is produced due to the 
tuh? an i CaI .'■ lbratlon 1 of parts of circuit. Considering the case of a 

variationor noise.^ ’ ^ electrodes vibrate and produce current 

magirtic^dd^r^ ^ agn * tic pfcku P : St ray electrostatic and 
leads ' a Produced, externally due to adjacent power 

amplified and produces noise mduCed voltage 15 

5 ,ame “ t buni : When directly heated filament ODerates 
U ? !."?':=« hea >«> <his noise can be Sntaised ’ 

pre,e ( „T^hri:" P p a h S 7 P p, y Th ' S h “ m " *"*>“< '• - 

numerical examples 

r _ 20 Onn l med lu tag , e am P li f ier has a triode having a =25 

.aJTVo^ jt-iT ama? cir , mi ' cmsh i s ° f ° con ° r w 

(a) resonant frequency, 

impedance of the tuned circuit, 
output voltage at resonance, 

Q of the tuned circuit at resonance . 

Resonant frequency 

1 


' / 

( b ) 

(c) 

W) 

(«) 


/o 


(*) 


(c) 


2nV(LC) 2 x 3- 14 x V(2UU X 10" 6 x 300 

=649‘7 kc/s. 

Impedance of the tuned circuit at resonance 

200 x 10~® 

RC 300 x 1 0‘ 12 x 10 
=6 - 67 x 10 4 ohms. 

Output voltage at resonance 

_ pE a ,Z _25x 01 x 6~67 x 1 n« 


E, 


92 


r p +Z 2x 10 4 + 6 - 67x I0 4 
1*92 volts. 


(d) Q — ' Ui ° L ~- 2 ~x 649 ' 7 x 10 s X 200 x IO ' 6 

i? Ill ' “* 
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2 . The tuned voltage amplifier is a pentode with g m =T5 m/ ^l 
volt and r f =10 a ohms. The tuned circuit consists of a coil of induc- 
tance L—200pH and resistance R= 12 ohms in shunt with a tuning 
condenser adjusted to 500 pf. Calculate ( i ) resonant frequency \ 
(ii) Q of the tuned circuit at resonance, (Hi) impedance of the timed 
circuit at resonance, (tv) effective Q of the resonant circuit including 
r e , (v) voltage gain at resonance. If the frequency of the applied 
signal is increased to 10 KHz above the resonance, calcluate the 
magnitude and phase angle of voltage gain. 


or 


(i ) Resonant f requency f 0 


1 


2n\t(LC) 


1 


2tc [200 X 10"° X 500 X 

503 KHz. 


(ii) Q of the tuned circuit at resonance Q 0 is given by 


*-W( 


L 

C 


I2j \5( 


300x10- 



52’7 


500x10 

(Hi) Impedance of tuned circuit at resonance is given by 

Z 0 ~oj 0 LQq= — Qq 2 R 

=(525) S X 12 

= 34x 10 3 ohms. 

(iv) Z 0 and r s are in parallel 

. ± 

" Z t 

ZpCp 


1+L 

Z 0 r s 


Zt 


r p -\-Z [ 

Z 0 r p 
34 x 10 3 x 10* 


l0« + 34x 10 3 - 
Effective Q of the plate circuit Q„ is given by 

C\ If 5 00xl0^\ 


Q 




X 


32*8 X 10 3 / i 200>n0 


52-48. 


(v) 


Voltage gai. at resonance A rc ». 

1-5 


g™ Z t 


1000 
49-20. 


X 32-8 x to 3 


At a frequency 10 KHz above resonance 

t-f-fo- 10x <^ -nlQ 

/„ 503 x 10 s 

Relative voltage gain is given by 
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A 


1 


1 


A raj lf-j26Q B 


l+;2x-0iyx52-48 

1 


1+J 


or 


A 


49-20 


l+j (1-99) • 

Magnitude A= 49 20 


22 ->. 


180° — 62°= 118 


VL1+(1-9^ 2 J ' 

Phase angle of A = <£=180°— tan -1 (199) 

3. A tuned amplifier uses a pentode valve whose parameters 
under the operating conditions are mutual conductance g m —5mAlV, 
plate resistance r p —0'5 MQ. The anode load consists of a tuned 
circuit having an inductance coil of 25 pH with Q value of 50 in 
parallel with a capacitance and tuned to 4MHz. The output of the 
amplifier is coupled to the next stage having an input resistance of 
0-5 M SI through a coupling capacitor of negligible reactance. Cal- 
culate the gain of the stage at resonance. 

According to the problem /v=0-5ft, ; 2? ? =0-5 MQ. 

Impedance of tuned circuit at resonance is given by 
Z 0 = co 0 L Q q = 2jt x 4 x 10 9 x250x 10 _8 x50 
= 314,00012=0 31 MSI. 


Now 


1 


z ( z 


1 +L+' 


R 


1 


4- 


1 


+ 


1 


0-314X10 6 0 o x iU tt 0-5X10 6 


Voltage gain 


[3-183 + 2 + 2]x l0- 6 =7-183.10- 6 mhos 
_Eo_ - 5 x 1* |S 

= E~~ 


gm Z 


t 


7-183 


X 10 8 



4. In the capacitor coupled tuned voltage amplifier, the value 
of circuit elements are as below ; 

^=6 0,r p =*30KSl, L— 400 pH, C' = 380ppF, R = 10Sl, R a =500KQ. 

Additional shunt capacitance C, = 20ppf. Reactance of C e is negli- 
gibly small. Calculate (/) frequency of resonance of plate circuit , 
(if) Q 0 of the LCR circuit at resonance (C=C'+C,). (iii) effective 
value o r Q 0 of plate circuit including r e and R at (iv) voltage gain at 
resonance, (v) half power bandwidth, (v/j gain bandwidth product, 
{vii ) vo tage gain at frequency of 20 KHz below resonance. 

(/) C=C'+C,= 3 80+20=400/*/*/. 


Frequency of resonance /„ = 


1 

2rrv/(LC) 



2jt\/ ^4U0 x 10-* X 400 X 10 -J2 ) 
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389x 103 Hz. 


(«) a 


< m) 


y(§ 


W( 


400 x 10-« 




100 . 


io-y \400x 10 

to a—2nf 0 =2 tt x 389 x 10 3 =2‘5 x 10® radian per sec. 

00 


0 


1 + 


OJ 


L& (h + k) 


100 


l+2-5x 10 8 x 400x 10 6 x 100 

22 05. 


1 


+ 


1 


30 x 10 3 500 x 10 s 


0>) A r 


es 


Sm^o^Qf 


60 


30 x 10 s 
x2-5x 10 6 x 400 x 10~ a x22'05 
= -4410. 

( v ) Half power bandwidth B= — = — 9 - X - ! -— — 

Q e 22 05 

, _ . , =17-6 KHz. 

\yi) Gam bandwidth product=2?x A ret . 

=(17-6 xl03)x 44-10 
= 775*8 xlO 3 

(vii) At 20 KHz. below resonance 


8 


20 x 10 s r 

_= 0-0502. 


Voltage gain A 


4410 


389 x 10 s 

1+T.28Q* = 1 -j- j.2 x 0*0502 X 22-05 

-44-10 


Magnitude A 


44-10 


V[l + ( 2205, a ] 


l+jx 2-205 


17-1. 


M 


5 

15 

20 hH 


V L * 1. — - - / J 

In a transformer coupled single tuned voltage amplify 

» ,>=10,000 ohms , L s = 200pH y R 3 = 8ft, = 25-400 

and C 8 is adjusted to 200 /?/ Calculate (*\/ es0 ? a op 

frequency f Vy (//) £? 0 0/ fAe tuned circuit at resonance , (n/) w? 
gam resonance , (/v) 0/ /Ae tuned circuit including r L , iej*cc 

into the secondary circuit , (v) optimum value of mutual inductance + > 
(v/) An // power bandwidths. 

(0 /»= 1 1 


2wv2(/„ C,) 2jtV(2-0x10 

—•79-57 x 10 4 c/s. 


200 X 10- 12 ) 


200 X 


/ — 

10- 6 \ 
lo- J2 j 
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x 10 3 =125. 


(Hi) A 


pM 


vM/Cs 


o 


R s r p -\-<v 0 ~M 2 Rtrp-j-w^M 1 

15x20xl0-e/200xl0- 12 


8 x 1 0 4 + 10* 


-16-67, 


m q 


Qo 


125 


e 


in-1 


1 +io-M*/R e r p l + )0 4 /8xl0‘ " 

(v) To determine maximum value of M , differentiate A 0 with 
respect to M and equate it to zero. 

We know that 

pM\C s 


An 


R,r p +w 0 2 M 2> 


Applying the above mentioned condition, we have 

V(fpRs) 


M— 


U) 


0 


v/( 1 0,000x8) 


2- x 79-o7 x 10* 
==55-5 6pH. 


( vi ) Band power bandwidth 

B=foQ, 

79 7< X 10 4 

1111 

=7-16x10* c',s. 

6. A single tuned transformer coupled amplifier uses a valve 
with >i=40 and r v = 10 Kfl. The secondary of the transformer has 
a coil of inductance 250 pH and resistance 1012 and is tuned with a 
total capacitance ( including wiring and input capacitance of the sub- 
sequent stage) of 300 p pF. If the mutual inductance between the 
primary and the secondary is 25pH, calculate (/) the resonant 
frequency, (77) the Q cf the tuned circuit, (Hi) voltage gain at reson- 
ance, (iv) voltage gain at 10 KHz off resonance above the resonant 
frequency. 

( i ) The resonant frequency f c 

j__ 

~2n~'2n \/(L s C,) 

1 

~ 2 x 3- 1 4~V(250 x 10 -6 X 300 x 10 12 )' 

= 580 KHz. 


< |V > s-if 

- 91-25 


3 65x 10 8 x250x 10-« 


(here ^ = 3-65x108) 


10 
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(Hi) Q 


Q 


91-25 


io*M 2 


1 _|_ w o 1V1 " | . (3-65 X 10 8 ) 2 (25) 2 x 

1 1 A V , 1 A u . . 1 M 


10 


-12 




91-25 


A r 


1+0 085 


lOx 10 a x 10 
84-5 


69 * 


Q 

40 


a 


lOx 10 3 
30-85 


X 3 65 x 10® x25 x 10 -8 x 84 5 


(/V) 8 


“-<"0 f-fo 10 x 10 s 


CD 


f 0 


• 0 


res 


580 x 10 3 
30-85 


0 0172 


e 


I A 


angle 


1+/+80 
30-85 
3 06 ~ 10 


30-85 

l+y2x00172x84-5 ~1+;291 


<^=tan ~ 1 (— 2S£?o)=tan“ 1 (—2 91) 


71 


^=10Z-71° 

7. In a double tuned voltage amplifier. L P =L, =200 pH, 

-“,= 1051,, C, = 30 — 500 u/xF variable. Coupling dissipation 
factor a-—K 2 Q p Q,=Q'8\. C, is adjusted to 450 /x/xF. Calculate (i) 
jrequency of resonance, (//) Q of primary and secondary tuned clr~ 
cults, (iii) voltage gain at resonance, (/v) tuned circuit voltage gain 
a * a frequency 2KHz, above resonant frequency. 

0 ) Frequency of resonance 

/o = 1 


*V (z a c 2 ) 


l 


do Q. 


2n V(200 X 10« X 450 X 10“ liS > 
= 531 KHz. 

w 0 L t _\ l(L,\_ ]_ /( 200x10-® \ 

R, ~R,J \cJ ~ 10V\450x fa- 13 ) 


= 66-7 

Qp — Q,—66 7. 


m 


Ar 


ja g m O v Q,V(RvR.) 


68 


1 -\-a* 

/ 3x IO-s-v/IO 81) x 66-7 x 66‘7 x 10 

1+0 81 

= -/ 67-4 

Magnitude A rea = 67-4. 

(A) At frequency 2KHz above resonant frequency 

. 2 


531 


3-78 xlO" 3 
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Hence the voltage gain is given by 

4 ~j &m a QvQg^iRpR,) 

l+a>-48*Q f Q. +j 28(Q p + Qj 
~j 3 X l0~ ~ 3 \/t0 81)x 66'7 x 66*7 y 10 

1 + -81-4 (3-78 XlO- 8 x67T) J +2yX 378 xlO-'x!!^ 
-/ 120 
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1-35 +j 1-01 
Magnitude A= 


120 


65. 


1 


8 


10 


II 


plifier ? Why are 


Obtain expressions 


VL(l'55/+(l-01) a ]' 

EXERCISES AND PROBLEMS 

What do you mean by radio frequency voltage at 
pentodes preferred for R. F. amplification ? 

Derive an expression for the amplification produced by a tuned R F 
amplifier. 

Explain the terms ‘anode conversion efficiency’ or plate efficiency used 

in connection with a radio frequency power amplifier. On what factors 
does this efficiency depend ? ~ 

Prove that in case of a secondary tuned transformer coup ed amplifier 
the voltage gain is given by 9 

A _ gm o)q M Q e 

A+. J-28.Q e 

where the symbols have their usual meanings. 

Describe a double tuned transformer coupled amplifier. Obtain an ex- 
pression for the voltage gain for this amplifier. 

What do you mean by bandwidth of an amplifier ? 
for the bandwidth in the following cases : 

(i) Single tuned capacitance coupled amplifier. 

(ii) Single tuned transformer coupled amplifier. 

(Hi) Double tuned amplifier. 

Also obtain their bandwidth products. 

What are cascaded tuned amplifiers ? Explain the 
width of cascaded tuned amplifiers. 

How the bandwidth is increased in staggered tuned circuits ? Obtain 
expression for the overall response characteristic of the staggered 
tuned pair. 

What is a class C operation ? Give a simple analysis of class C ampli- 
fier performance. 

Write short notes on the following : 

(i) Neutralisation, 

(ii) Class C amplifiers as harmonic generator. 

(iii) Tank circuit efficiency. 

(iv) Valve performance at high frequencies. 

In a tuned voltage amplifier, £=500/if/, /?=10 ohms tuning condenser 
C=500pp.F, £i= 0*2 volt r.m.s. at resonant frequency. Calculate (i) reso- 
nant frequency, (ii) impedance of tuned circuit at resonance, (Hi) voltage 


decrease in band- 
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gain at resonance, (iv) output voltage at resonance, (v) Q of tuned 
circuit at resonance, (vi) effective Q of tuned circuit including rp, 

12. The primary and secondary windings of an R.F, transformer have 
inductances of 80 \lH and 20fiH respectively. The mutual inductance 
between windings is 10 iiH and their resistance is negligible. Across its 
secondary is connected a 40 ohm resistor. 

What impedance would be measured between the primary terminals at 

an angular frequency of 2x 10 5 radains per second ? 

Find also the value of capacitance which should be connected in series 
with the primary winding to make the input circuit resonant at this fre- 
quency. 

13. A transformer coupled single tuned voltage amplifier uses a triode 
having jt=40 and r^ — 15 K ohms. The secondary winding has inouc- 
tance L s = 400 P H and /?<? = 12 ohms. Mutual incuctance A/=40 pH 
The variable tuning condenser across the secondary is adjusted to 
200 iifiF. Calculate (i) frequency of resonance / 0 , (ii) Q 0 the circuit 
at resonance (iii) effect, ve Q of the tuned circuit including r P reflected 
to the secondary side (iv) voltage gain at resonance, (v) optimum value 
of mutual inductance to get the maximum voltage gain at resonance, 
(vi) voltage gain at resonance with optimum mutual inductance. 

14. A coil of induction 400 ^7/ and resistance 5 ohms is tuned to resonance 
at angular frequency of co — 10® radians per second by a capacitor »n 
parallel with it. The resonant circuit is used as the anode load of pen- 
tode of ^ m =60 mA/V in a tuned R. F. amplifier. Draw the circuit 
giving an indication of all component values and calculate the voltage 
gain (i) at resonance, (ii) at a frequency of 10% above the resonant ire 
quency ? Find also the bandwidth between the frequencies at whicl. 
the voltage gain is ) j\'2 of that at resonance. 

The effect of the anode slope resistance may be neglected. 




SPECIAL AMPLIFIERS 


(Wideband and D. C. Amplifers) 



constant ^ am pl tfier is the amplifier which has almost 

s ec. to few mega cycles per sec ). We have studied RC coupled 
amplifier ana its frequency response curve. The frequency response 

w d c ShUnt [ esistance (a P ara Hel combination of r e , R, a P nd 
W l knovv that interelectrode capacities of a pentode are far 
smaller than a mode, hence to increase the frequency response a 
pentode is preferred. Secondly by decreasing R? shun' -esistance 
may be decreased but at the same time the over all gain will be 

rltioTnc lr ? C0UP h ' Cd a H mplifier 5 a u ing hi « h v;ilue of the 
r U ma y be used as a Wideband amplifier In most 

Of the cases, to increase the upper frequency range or lower fre- 
qu-ncy range or both, compensating circuits are used First of all 
we shall describe uncompensated wideband amplifier and then 

pensions. These amplifiers are used in television Sar pia^ 
modulation systems etc. ^ lie 


14 1. UNCOMPENSATED WIDEBAND AMPLIFIER : 

Figure I shows the circuit diagram of an uncompensated wide 
band amplifier using a R C coupling between the stages l n ,h- 
circuit C 0 is the output capacity of the amplifier tube and C the 
input capacity of the next tube. Figure 2 shows the a c. equivalent 



Fig .1. Uncompensated wideband amplifier 
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circuit of figure 1. In the equivalent circuit C< is the total shunt 
capacitance, i.e., a combination of C 0 and CV. The value of r s is 
very high in case of a pentode and hence this is in shunt with Rl. 




Fig. 2. A. c. equivalent circuit. 

We shall study the performance of the amplifier at three freq- 
ency ranges : 


(i) Middle frequency range : 

In the middle frequency range the impedance of high value 
coupling capacitor C is very low and may be neglected. Further, 
the reactance of total shunt capacitance C< is so large that it may 
also be omitted. The equivalent circuit of wideband amplifier m 
middle frequency range is given in fig. 3. 


a 


The total resistance R t is 
a parallel combination of R 
and R l and is given by 

R R i R° • 

* Rf\- Rg ,..(1) 

The gain of the amplifier 

is given by 

A m = — g m Rf 

! l = g m R(. ...(2) 

Equation (2) shows that 
the gain is constant. 



Fig. 3 


A.c. equivalent circuit of wide 
band amplifier in middle fre 
ouenev ranee. 


(ii) High frequency 
range : 

In the high frequency 
range, the reactance of 
coupling capacitor C is 
again negligibly small and 
hence it can be omitted. 
Fig. 4 gives the a.c. equi- 
valent circuit. 

Tho total load imne- 
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dance Z t in this case is a parallel combination of C t and R t . 


1 1 


+ 


1 


— + jwC t . 


Z t ~R t ' l/jo>C t ~ 

The output voltage E 0 , across R t is given by 

Eo=£roE<Z< 

=gmE< (l +jwC t R t )’ 

The voltage gain at high frequency range is given by 

Jki 


...(3) 


gmR 


t 


1 -\-ju)C t Rt 


&rr\R 


t 


1 + j2-f.C t R t 

wnere/is the f requency of applied signal. 

I A. 1^ _ SmRt 

1 *' V{l+(2 « fCtRtfl ...(4) 

The equation (4) shows that for given values of R t and C t the 
response of the amplifier is a function of frequency. 

The upper cross over frequency in this range is defined as 

f 3- 

/2 2n CiR t 


• • 


A 


or 


A 


gmRt 

■+jf/A 

gmRt 


1 V(i+(///0 2 }’ 

The relative gain is given by 

1 


...(5) 


Ah 


...( 6 ) 


1 3 

ooi 


!D£At GAW 

CH/i#Acr£Msr/c. 


OA//V 

a/AMCTEMsm 



■01 0-1 - vo 

RELAT/OG Ftf£QV£A/Cy 


10 


i ig .3 (a> Gam versus trcquency characteristic of uncompensated 

and ideal wideband amplifier. 
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to .hIcLlTr i0 frequencV^ a ^h^.' he f f‘L“ nCy f ™™™ rela,iw 
the figure that ih, qUCnCy range is shown - > s dear from 

M=0-l and becomes • 707?.™? ™2)“ ,'//£“ * re ' atiVe frel! ' ,enCy 

should%e an so U chosen e that e the W ' d f eband ? mp,ifier > the components 

small as noscihi^ h T f ° maximiS(i A, C t and R t should be made as 
small as possible because f 2 = \/(2n C t R t ). 

be reduced a If i'" 1 " 5 '°. which ‘lie value of R, or C, or both may 

the amDliL Lf ‘ S ,h 8de e ? uaI or . less 'b a " I /*-. 'hen the gain of 
amplifier The . s . San unity and tt fails to function as a voltage 

several canaed. 8 shunt “Prance C, is a combination of 
se veral capacitances as given below 

where C ic th * C BP (1 -\-A), 

sockets etc anw J ta u Sfray ca P a citance to ground cf wiring, tube 

pentodes C ic 1S v °hage gain of the following stage. In 

be neglecmd C anr^T' 811 f? Ihat ,he " rm (1 + d) may 

p„ und C, k have their usual meanings 

The phase shift in wideband amplifier is given by 

<f>— 180° — tan -1 ( 2rfC t R t ) 

= 180°— tan -1 (ff,). ...(7) 

In equation (7), 180° 
is a constant phase shift 

and tan 1 ( f/f,) j s t h e ad- 
ditional phase shift. Fig 
5 >b) shows the variation 
ot additional phase shirt 

as a function of relative 
frequency f/f. 

For values f/f, U pto 
about unity, the additional 
pnase shift is almost pro- 
portional to frequency f 
nself because for small 
values of angle, tangent of 

an angle equals the angle 
itself. h 




0 0-5 ro 

/ c /?£Q(/£'VCy f/f 2 

Fig. 5 (b). Additional phase shift versus 

relative frequency. 


fid) Low frequency range : 

C, be hi !r°vpr \/ eC ’ 1 nCy J an ® e ’ the reactance of the shunt capacitance 
canacitv ^ C °' v , and ma y be neglected. In this case coupline 

frequency range, the equi- 
The input voltage E t results in the output voltage E'o across 
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the load resistance R L . A 
traction Af of Ej appears 
across the grid leak resis- 
tance R t to constitute the 
final voltage E,. 

K= ~ Rt 

*’+mt 

1 



1 


or 


9*i&i ^ 




..( 8 ) 


j , 1 Fig 6. A.c. equivalent circuit of wi^e 

l+ jwCRa ..-(8) band am P ,ificr in low fre 

J queny range. 

The magnitude of K is given bv 

K= i / . 

# » ■ ll s • 


yt’+u-j } 


Let fi denote the reference frequency such that 

f L_ 

2nCR 0 

Now K= r4F and ^ vo^)V 

The voltage E 0 ' developed across Rl is given by 

E 0 '=— g m E ,R Lt 

E 0 =E ft 'K 

E 0 = — gmElRf^- 

The voltage gain in this frequency range is given by 


A - E " 

A < -g 


gmRlK 


gmRl. 


2vfCR g 


I Al V{1 +(/i//)-} 


y{ 


1 -Kfllf) 

Sm^L 


sac)T 


...(9> 


...(10) 

...( 11 ) 


(12) 


• (13) 


» i J V A •'z 

The phase angle of voltage gain is given by 

^=180° -Kan” 1 (/,//)= lSO^tan" 1 [^cr) 

= 180°+cot-i (///,). ' ,. (I4) 

A plot of relative voltage gam Ai!g m R L of wideband amplifier 
against relative frequency fjf in low frequency range is shown in 
figure 7. In order to have a uniform voltage gain upto very low 
frequencies, the frequency f should be made as small as possible 
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We know that the value of 
the reference frequency is 
given by the following ex- 
pression : 

/■- 1 
2n R t C- 

Hence by employing 
the large value of R g or 
Cor both /j may be de- 
creased. In practice the 
maximum values of R g or 
C are limited. In most of 
the cases, the values of R 
and C are \MQ and -0 5fj.F 


A 

f 

| 

% 



maximum values of R 0 or ^ ' 01 °' r y ‘° 70 700 

C are limited. In most of ££IAT/Y£ £££Q(/£A/CY f/f 7 - 

va * ues of R g Fig 7. Relative gain versus relative fre- 
n c are 1 MQ and ‘0 5^F quency in low frequency range. 

comefou^to^s '^c/s 118 Va,U6S ’ the reference frec * uency fx 

The additional phase shift in this frequency range is given by 


tan -1 (/!//)= tan -1 ^ 


\ 2nfCR g ] 

= COt -'(f/A). 

. “8* additional phase angle <f> a is plotted against the 

relative frequency (f/fj. 


/D£y4l />M4SE J/VGLE 



* T/V£ E/fEQUEA/C Y f/f t 


Fig. 8. The additional phase angle versus relative frequency //A* 

Figure 8 shows that the phase angle characteristic of the am- 
plifier is opposite to the ideal curve. Thus the phase res P OI l^ ° 
uncompensated wideband amplifier is poor *nd reeds low freq 
cy compesation. 
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14 2. HIGH FREQUENCY COMPENSATION IN WIDEBAND 
AMPLIFIERS : 

In the above article we have considered the gain equations in 
an uncompensated wideband amplifier. These equations are like 
those used in RC coupled amplifier. Now our object is to consi- 
der the high frequency compensation. The following three methods 
are used : (z) Shunt peak high frequency compensation, i ii) 

Series peaked high frequency compensation and (Hi) Shunt series 
high frequency compensation. The high frequency compensation 
consists in introducing an additional inductance of 100 to 500 pH 
either in series with the load resistor or in series with the coupling 
capacitor or both the positions. The inductor resonates with 
total shunt capacitance C< at a frequency somewhat above the 
upper limit of the video range resulting in a rising gain character- 
istic. Here we shall discuss the senes peaked high frequency com- 
pensation. 

Series peaked high frequency compensation : 

At high frequencies, the impedance offered by the shunt capa- 
citance is comparable to the load and hence it is of great impor- 
tance. The shunt capacitance consists of two parts : ( i ) input capa- 
citance of the following stage and (ii) output capacitance C 0 of the 
given stage. Figure 9 shows the circuit of wide band amplifier 



Fig. 9. Wideband amplifier with series peaked high 

frequency compensation. 

using series compensation inductor L. The inductor isolated the 
two shunting capacitances and hence reduces the shunting capaci- 
tances across the amplifier tube. Thus for the given upper fre- 
quency, the gain is increased. Fig. 10 shows the equivalent circuit. 
The coupling capacitor C has been omitted from the a.c. equivalent 
circuit since its reactance in high frequency range is extremely 
small. 

The impedance Zi of R L and C 0 in parallel is given by 

1 1 , 1 1 
Z X ~R L + \lj2^fC a ~ R l +J 
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• 7 B. L 

, 1 l+J2nfC 0 R7- ...( 1 ) 

the voltage E A across Z A will be 


El^gmE.Z, 




l+y2w/C 0 /fjL* •••(2) 

ex P reb ?* on IS same as in uncompensated amplifier 
' r _Jt n e ^ffective shunt capacitance is only C 0 instead of 

— vC 0 + Ci). J u 

- 11 ^^°? sic l erin S thc circuit only upto /? L , the upper crossover fre- 
quency is given by 


f — - 

•° 2ttR l C q * .. (3) 

Equation (3) shows that ^ is higher than in case of uncom- 
pensated amplifier. 

This voltage is now passed through the reactive voltage divi- 
der consisting of L and C x . Here we have neglected R g because it 
is larger in comparison with the reactance of C, in shunt. The 
value of the large inductance is so selected that it resonates with 
Ci ai frequency / u . Due to the scries resonance, the voltage across 
w tends to rise with frequency. This rising tendency compensates 
for the drop in voltage with frequency across R Thus the fre- 
quency to constant gain increases beyond / ’ . In this way the iso- 
lation of shunt capacitances C 0 and Cx results in the upper fre- 
quency limits. 


Ex. Design a video amplifier using c 6AK5 pentode such that 
both the uniform gain and the phase shift proportional to frequency 
are important upto 4 megacycles . The tube constants are : gm-^lOO 
micro mhos. C OU f = 2*8 pf and the wiring capacity and the input 
capacity of the next stage are 9*7 />/., r J/ = 0 8 mega ohms . 

(a) Draw the circuit diagram for the above* amplifier in which 
both high and low frequency compensation are made. 

(b) Determine the values of the inductance L, the load resis^ 

tance R L and the mid frequency gain. 
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(c) The lower cut off frequencies befo r e and after compensation 

are 20 cycles and 1-5 cycles respectively. Choose the grid leak 

resistance R 0 equal to 0-4 meg-ohm and find out the values of C t , C b 
and Rb. 

(a) The circuit diagram of a compensated amplifier at both 
frequencies is shown in figure 1 1. 



Fig. 11. Broad band amplifier with both 1. f. and 

b. f. compensation. 

( b ) The uniform gain and phase shift proportional to frequenev 
are important factors for determining the value of Q, a compi omhe 
value of £> = 044 is taken. At this value the gain remains practi-" 
cally equal to the mid frequency gain when ///„ is equal to 6-66 
and/=4 megacycles. 

- 0 - 66 . 

J2 

The upper cut off frequency / 2 of the uncompensated amplifier 

,, 4x10* , 

i /»=-q:^-=6x 10« cycles. 

We know that where C,=C 0Ut + C wire <+C in for 

the next stage=2'8-j- W = 12-5 pf. 


or 


Again 


or 


6 x 10® 


2wx 12 - 5 x i0 ~‘*xR l 
Rl — 2100 ohms. 

n_n..AA- 27 r/,L _ 2 x 3 - 14 x 6 xl 0 8 Z. 

V Rl 2100 

r 0-44x2100 


2 x 3 14 x 6 x JO 6 


21-3x10- 


— 2 1 ■ 3 micro-henry. 
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The mid frequency gain is given by 

r \ Tu A T* = ~ gm * t= "“ 5,00xl0 ~ 6x2I00 =- 10,5 - 

Jr? . e lower cut off frequency of the uncompensated ampli* 
fier /i is given by ^ 

1 


/i 


20 


ZnCcftg 


1 


Cc 


We know that 


2x3l4xC e xO-4xlO« 

1 

2 x 3* 1 4 x 20 x 0‘4 x 1 0® 

0 02 micro farad 




C C Rg — Cl 


R. R 


and 


i.e. 


0’02x 10- 6 x04x 10 6 =C, 


fx 

C b R t 


R L Rb 

2100 R b 
b 2100+R b 
1 


r 






2nCbRb 

1 


1 


V l 



* 

J 


I 


...( 1 ) 


2nf 3 2k x 3-14x1-5 • -.(2) 

Solving (1) and (2), we get 

i ~ d& = 23 kilo-ohms and 0>= 14 micro-farad. „ 

14 3. DIRECT COUPLED AMPLIFIERS : LOFTIN-WH1TE 

FORM : 


^mplifiers in which no coupling reactive element, (e.g> ^ 
coupling capacitor in decoupling be removed), is employed and 
output of first stage, is connected to the input of the next stage as 
shown in figure 12, are called direct coupl d amplifiers. Elimina- 
tion of coupling condesers extends the limit of amplification to 
sufficiently low frequencies and therefore, by such amplifiers, direct 
voltage and voltages of extremely low frequencies can be amplified* 
Further, due to the absence of reactive coupling elements response 
of amplifier is almost free from the frequency distortion and phase 
shift upto those frequencies at which the internal tube anJ sttay 
shunt capacities become effective. 



Fig, 12. Two stage direct-:oupled amplifier. 
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Magnitude of bias battery E cc through which the plate of tube 
T 1 is connected to the grid of tube T 2 can he estimated quite easily. 
Suppose Ebb = 250 volts, average plate current through 7?/. is 1 -6^1,4 
and R L is 10 6 ohms, then drop across R L will be 160 volts that 
means potential of point A is +90 volts with respect to the 
ground. Now if the operating point with respect to the ground is 
to be at —10 volts ( i.e the grid po'ential of tube T-> for amplifying 
action) E cc must be —100 volts which is a large battery as com- 
pared to those commonly applied for biasing purposes. Since ihe 
circuit requires three such batteries of high voltage, Loftin-White 
suggested the use of single dc source as shown in figure 13 where 
different voltages are tapped on the bleeder resistor. 

In fig. 13, tube 7) 
is biased to —10 volts, 
voltage of T) is 150 — 

10 = + 140 volts. Drop 
across Rl is 70 volts so 
that point A is at +70 
volts. But cathode of T 2 
is kept at +80 volts, 
giving a bias of —10 
volts to tube 7+ Net 
voltage across tube T 2 
is 250—80=170 volts. Fig. 13 . Left n-white form d c. amplifier. 

If the voltage across 

Rl is 70 volts then point B is at +100 volts. Output is then 

= + 100 — (-250) 

= — 1:0 volts. 

Such amplifiers suffer from the following drawbacks : 

(/) Output voltage changes due to the change in heater, grid 
bias or plate voltage and thus reflects the inherent instability of 
d.c. amplifiers, being called as drift in d.c. amplifiers. If supply 
voltage changes, bias to the tubes will change and hence a change 
in the operating point or in other words shift in operating point 
will be the same as caused by the application of d.c. signal at the 

input and therefore one cannot tell whether a change in output is 
due to a change in bias or a change in signal. 

(ij\ Since in circuit of fig. 12 £+, grid bias battery is un- 
grounded. a high shunt capacity between the grid bias battery and 
ground also appears. 

(Hi) Neither terminals of Rl is at ground potential which 
develops the problem of reference or zero voltage when no signal 
is input to the amplifier and the latter is being used to operate a 
meter for the measurement of d.c. voltages. 

(iv) In Loftin White circuit, common coupling and feed back 
through the tapped supply resistor affects the performance of the 
amplifier. To overcome these draw-backs ot Loftin -Whbe circuit, 
the following two simple forms of d.c. amplifiers are used. 
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in fig. 14 . Po^r^unnHe^ < * c \^ m Pl'fi er ■' The circuit is shown 
positive to the ground?^* °y atlve . to £he ground (E e ) and other 

Similar is "he case of ) L analysis We have shown them separately, 
the potential at noint a P|[ a . ctlce - Potential of B depends upon 
Thus by chan<dntr /? which in turn * s a f unct »on of bias voltage. 

ground or midwa g y betwe^n^h^f ^ ^ grid biaS ’ B is br ° Ught t0 
P signal and output signal, and the output is zero. 



fATPOT 


Fig. 14. Resistance coupled d.c. amplifier, 
ns f Cl are P oten tial levels above the ground 

resnectivelv the ^ P atC ° f , first sta 8 e and the grid of second stage 
respectively, then we write the voltage relations as 

(/» +i» Rl = 


and 


e Px 

e c . 


e Cl 
E 


CO 


e Px — ec. 


Ri 

( e Pi 


+h 

ec.) 


Ebb — € P -< 

...(1) 

=iR i 

...{2) 

=*\R .. 

..(3) 

from equation (2), 


II 

£ 

1 

s 





■ R L — Ebb (’ Pl 1 pR L 


Ri 


e Px + ec 


c . . . r l E'jb — e Pl 

Similarly from equation (1) and (3), 

-^2 _ ec. ~ Er„ 


i p R L 


...(4) 


Rl E,b - e Pl - i p R l • ...( 5 ) 

♦ • P ro ™ equations (4) and (5), values of R x and R 2 can be ob- 

! ^ S ^! ta o. e Va,ue ot R i and R 2 wil1 provide the correct bias 

o e ube 7*. Similarly an appropriate choice of R 3 and R t , will 

signaf t0 mark ZCr ° OUtput across r l in the absence of any input 

i 5 athode ^- ou Pled d.c. Amplifier : Circuit with its equi- 
valent is shown in fig. 15. Two triodes are required and the 

commpn plate supplies are employed. The circuit amplifies the 
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signal with considerable gain, an expression for which can be 
deduced as follows : 

For equivalent circuit, we write 

e 9 =e { — R k ...(1) 

e<r 2 =- 0 *i+fe 2 ) R * ...( 2 ) 

p e B ^ib x (r p +Rfc)+ib 2 Rk ...( 3 ) 

P eD 2 ='j 2 (rp+Ric)+RL (io^+ib^ ••■(4) 

Putting e 9y from equation (1) in equation (3), 

P ei—P (ib x +ib t ) RK=ib 1 (r f + Rt:)+i i2 R K 
P e t =i bl ( p RK+RK+r p ) + ib z (m Rk+Rk) 

=l b 1 [(^ + 1) Rk -F r*,l -i- /* 2 (^-pl). ...(5) 

Putting e g , from equation (2) in equation (4), 

—p (i r (, 1 +/t 2 ) ( i ’p'\-Rl-\-Rk)-\-U 1 Rk 



(bj EQC//MLEVT c/xcurr 


Fig. 15. Cathode coupled d.c. amplifier. 

__ • • r v -\-RL+(p-\- 1 1 Rk 

lb '~ (p+\)Rk ... 6) 

/ 

Putting i ba from equation (6) in equation (5), we get 

"b (p + 0 Rk 

or p [p (-1) K K ei= -fc 4 UvK/*+l) Rk} {r P +/?z.+(/*+l)/?K} 

-(/*+!)* Rk*}. ...(7) 
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Therefore gain of the circuit is 

e. 


A 


_o 

Ci 


K X. 


£i 


P 0+1) Rk Rl 


A 


{r p + (n + l)R K } (r p +R L +(p+l) **}-(/*+ 1)* flc* 

v-Rl 


1 + 


0 + 1) Rk 

P Rr. 


j {r„+i?£+(/i+l) /?jr} — (/* -I- 1) 


R 


rl £+*»+* 


l(/ x + 1) J Rk 

Neglecting the first term, as it is small for usual circuit and 
tube parameters, in the denominator we find gain 

A P Rl 
~ 2r„ + R L • 

14 4. DRIFT IN D C. AMPLIFIERS : 

Drift can be minimised by regulating the voltages applied to 
the amplifier. Regulated power supplies are employed to provide 
the regulated voltage to the plate and bias electrodes. Heater 
voltage is not regulated and thus drifts the output voltage with its 
own variation. The following two circuits to reduce the drift ire 
in most common use : 

(1) Balanced push pull amplifier : In this circuit two identical 
tubes T x and T 2 are balanced against each other. With such tubes. 


lUDes i 1 and J 2 are balanced against each other. With sucn ' 
having matched characteristics, charges in the plate supply voltage 
have no effect on the output of the amplifier. In fig. l6,]An s a 
meter to read the output of the amplifier. 

The grid voltage can be written as /n 

*,!=«! -(/, + /*) Rk, - 2 

(h + /*) Rk. 

For plate circuit equations, we write 

l M e a l — ii (•/?£ + /p + /?jc)+/a R&» 

F e 9. i — h {Rl~\~ rp-\-Rg)-\- ii Rk, 

From equations (1) and (3), 

f-e t—ij [-/?!,+ /*j>+ 0+1) /?Ar] + 0+l) Rk 1 2 • 


e a 


...(3) 


...(5) 


and 


From equations (2; and (4), 

— 0+1) R*ii = h [Ri+r p +(P + l) RA 
From equations (5) and (6), 

; f R L +r p + (fJ-+\) Rk~] 

. -n 0+1) e t Rk 

2 2fR L + r p ) [ 1 +0 + 1F Rk] 


...( 6 ) 
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\b) EQU/MLjEMT C/ECU/T 


Fig. 16. Balanced pushpull amplifier. 

The potentials at A and B are 

e^Ebb—h El, 

<?, = Ebb — f i R l , 

and therefore reading of meter M is 

eM—e 2 -e l 

= (h~h) Rl 

net R l [R L +r p + 2 ( f + 1 ) Rk] 

2 {RL-V r p) L 1 + (f A +l) -for] ’ 

on using current equations. 

With proper circuit element and reasonable value of p, 
(R L +r e ) can be made larger than (/x+1) Bn, such as so to give the 
meter reading 

pe t R L 

€M ~RL J rr p 

and is unaffected by the supply voltage changes because the 
matched tubes are employed in the circuit. 

(2) Cathode drift compensation : A compensating arrange* 
ment for eliminating the effect of beater voltage changes is shown 
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id the figure 17. Due to tfie change in heater voltage, random 



Fig. 17. Cathode drift compensated d.c. amplifier. 

changes in cathode emission occur which inturn changes the output 
voltage. 


Suppose the heater voltage changes by an amount AE, then to 
eliminate its effect on the cathode emission, the plate current of T \ 
must decrease by an amount AI 2 such that drop across (/?i + ^ 2 )> 
i-e., Al 2 {R x -\-R 2 ) be equal and opposite to AE, i.e. 

AE=-AI 2 {R 1 + R 2 ) -0) 

Now if change in grid voltage of T 2 is Ae 2 , then 

AI 2 _ 

~Ae~ 8m *' 

giving 

AI 2 ==Ae 2 

so that rom equation (1), 

^ E = de 2 gm 2 C^i+7?2). 

Further 

Ae 2 =A E ~ voltage across R j 

AE 

xRi 


AE 


Ri~\~R 


AE 


R.AE 



7?i+7?2 

From equations (2) and (3), 

R, 


AE=AE. 


AE.R 2 gm 3 ? 


T- (Ri + B 2 ) 


...( 2 ) 


...( 3 ) 



giving 
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so that AEbe equal and opposite to the voltage drop across 

due to the flow of current A / 2 . Thus change AE is cancel- 
led and heater voltage remains effectively the same to keep the 

cathode emission unaltered. 

EXERCISES 

1. What do you mean by wideband amplifier ? Describe some uses of the 
wideband amplifier. 

2. Draw the circuit of uncompensated wideband amplifier. Describe its 
performance in low, medium and high frequency ranges. 

3. Describe the series peaked high frequency compensation of a wide-band 
amplifier. 

4. Draw the circuit of a wideband amplifier with both low and high frequ- 
ency compensation Explain the compensation at both the frequencies. 

5. Describe the Loftin-White d.c. amplifiers. What are the drawbacks of 
D.C. amplifiers. 

6. How the drawbacks of d.c. amplifiers are overcome in (i) resistance 
coupled d.c. amplifiers and (ii) cathode coupled d.c. amplifier. 

7. What do you mean by draft in d.c. amplifiers ? Describe balanced 
push pull amplifier. 
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EXPERIMENT NO. 1 

To study the frequency response of a single stage audio fre- 
quency amplifier with different types of coupling : 

{a) Resistance-capacitance, 

(b) Inductance capacitance, 

(c) Transformer coupling. 

(a) Resistance-Capacitance coupling : 

Procedure : A triode valve 6/5 is connected as shown in the 
figure. The heater is connected to a six volts battery. 



Measurement of gain of resistance-capacitance 

coupled amplifier. 

The plate is connected to positive of H.T. through a load 
resistance R. The cathode is connected to negative of H.T. through 
a cathode resistor R s of 3000 ohms, having a condenser Cj of25/*e 
across it. These two give automatic negative bias to the grid. An 
a.f. oscillator is connected across R 2 of 0 47 A/f2. The input and 
output voltages are measured by means of V.T.V.M., V 1 and V 2 
respectively. R ^ is the grid leak resistance of 0T MQ and C is the 
coupling capacitor. 

(i) Set R to a value 30 KQ and C to somewhat low value 
0* 002ft F. Keeping the input voltage constant, say at 1 volt, now 
vary the oscillator frequency over the audio range and ncte the 
output voltage for corresponding frequencies. 

(//) Keeping R fixed, repeat the above observations for two 
higher value of capacitances C, viz. 0 ’ 006 /xFand 0 02^F. 

(Hi) Using the highest value of C employed in the preceding 
case, t.e , 0 02m*F., repeat the above observations with a higher 
value of load resistance R=z47K£l. 
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(tv) For each case plot a curve of voltage amplification (out 
put/input) to a logarithmic base of frequency. 

Results : Following are the curves obtained in case of resis 

tance-capacitance coupled amplifier. 


i/a 

I: 

is 

Mj 

r 


02 sUF 


4 , 




/?- 30, OOO-n. C = - 006^2 


0,000 -nC-=’, 


°°2 


A/' 



i ~oo or Fff Qc/F/vcy 


Voltage gain of a resistance-capacitance coupled amplifier. 

Conclusion obtained from these graphs have been already dis- 
cussed in the theory of resistance-capacitance coupled amplifier. 

(b) Capacitance-Inductance coupled amplifier : 



Measurement of gain of an inductance coupled amplifier. 

Procedure : The LC coupled amplifier differs from resistance- 
capacitance coupled amplifier in that R has been replaced by the 
primary of an a.f. transformer. Vary the oscillator frequency 
over the audio range and measure the output voltage. Plot a 
curve of voltage amplification to a logarithmic base of frequ- 
ency. 

For conclusion refer to the theory of LC coupled amplifier. 
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gain v/i ^ wuupicu i 

1 ransformer coupled amplifier : 






iMcnsvrement of gain of transformer-coupled amp fier. 


M 
$ 

$9+ 

I 


I* 


/ 



- \'CA T/3# 


i.OG Of ftff-Qo£*CV 



Voltage gain of transformer-coupled amplifier. 
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™^ € \j Ur 4 \Pl s f° nnect l ^ e cou pling and repeat the above 
test with V i . V. M. connected across the secondary of the trans- 

oTfrequency * ° f V ° ltage am P lificati on to a logarithmic base 

State the conclusions drawn from the curve. 

EXPERIMENT No. 2 

To study the effect of negative feed back on the performance of 
an audio frequency amplifier. v 



Circuit diagram of negative feed back amplifier. 

Procedure : A resistance-capacitance coupled amplifier is 
shown in figure. C is the coupling condenser. Across the output 
are two series connected resistances R, and i? 2 . They should be 
nigh enough to impose little damping on the output and of such 
values that p/1 is large compared with unity, where A represent 
the amplification of the single stage and p is the ratio 

* 2 ' 

In order to perform the experiment, connect a.f. oscillator 
across AB. First perform ihe experiment without feed-back For 
this connect the terminal EB. Apply one volt as input and measure 
the output voltage developed across CD by means of a V. T. V.M 
Now change the frequency of the 
oscillator and check the input vol- 
tage as it should be one volt and 
again measure the output. Now 
connect C to B and perform the 
experiment with feed back. Take 
various readings and draw a graph 
between log of frequency and volt- 
age gain in both cases. 

Result : The graph shows the 

effect of negative feed-back on a.f. 
amplifier. It is clear from the 

graph that the voltage gain with feed backus °inH amp, ' fier ’ 
frequency. k ,S dependent o 



Response curves of a negative 
feed-back amplifier. 
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EXPERIMENT No. 3. 

To study the cathode follower amplifier. 



Procedure : (/) A triode is connected in a cathode follower 
circuit as shown in the figure. Knowing the values of/* and r v for 
tne valve calculate the theoretical values of voltage amplifica- 
tion for different values of P k by the formula 


voltage amplification 




r i>+^k(l+/ x ) 

Draw a graph between the theoretical values of voltage ampli- 
fication and different resistances R 1: . 

00 To draw a frequency response curve of cathode follower, 

various frequencies from a.f. oscillator are applied with constant 

input and R k is also kept fixed. Check up input at each frequency. 

easure output and draw a graph between log of frequency and 
voltage gain. 6 ^ 


Result : 
follower : 


Following are the graphs obtained incase of cathode 



Ioq 


<3 

c 


/ 


.5 -f-0 75 

CJ 

S' 


/ 


5 


/ 


/ 


o' 2 


r 3 _ 

Lay of frequency 


■ -2 


(> nfcft) 

(,) h .! >et , we * n resis tance and (//) Graph between log of frequency 

t reoretical voltage amplification. and voltage gain. 


Experiments 


621 


Conclusion : 

(/) The graph between resistance and theoretical voltage amp- 
lification shows that as the value of Ri-. increases, the voltage ampli- 
fication also increases. For high values of R k , we get approxi- 
mately the constant output voltage. 

07) The frequency response curve shows that voltage gain 
increases upto a certain frequency and then it becomes constant. 

EXPERIMENT No 4. 


fier. 


To design and study the gain and phase shift of a speech ampli- 


Procedure : A simple circuit for the design of speech amplifier 
is shown in figure. The choice of circuit elements is based on the 
function which it has to perform. The value and function of each 
component is given below. 



6J5 



? — r — 




'Output 


fibOV 


Speech amplifier circuit. 

Function and value of each component 


S.No. 

Elements 

1. 

Resistor 7?j 

2 

Combination of R l and 


capacitor C v 

3. 

1 

C 3 . electrolytic cond- 


denser. 


Value 



The input of micro- 
phone is applied to 
tne grid of rentode 
valve 6 SJ7 through 
resistor R x . 

For cathode biassing. 


4-7 megohms, J 
watt dissipation 
power. 


R 2 is 1*4 kilohms, 
i watt dissipation 
power, C, is of 20 pF 
50 volts. 


Screen current bypass j O-l^F, 200 volts, 
condenser. 
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4. [ Resistor R % 


5. 


11 . 


Capacitor C 4 
Resistor R 4 


Resistor R 


Combination of R 7 
and Co 

Combination of R 8 
and C 


Resistors R n and R u 


10. Resistor R 


Combination of C 7 
and R l0 


12. Combination of R 
and C 


13. T» ansformer T x and 


Gives proper potential 1'5 megohms $ watt, 
to the screen grid. 

Ri functioning as the 0*0 1 [iF, 400 volts; 
load resistor of first 0'22 megohms, J watt, 
valve and C 4 is a cou- 
pling condenser. The 
latter prevents direct 
voltage application to 
the grid of 675. 


It is grid leak resistor 
for ttiode. Its func- 
tion is explained in 
theory This also con- 
trols the gain of the 
amplifier. 

For cathode biasing. 


Provides cathode bias. 


1 megohm, J watt. 


Same values as these 
of R 0 and C v 

250 ohms. 10 watt, 50 
liF, 50 volts electro- 
lytic. 

Each of 10 kilohms. 

£ watt dissipation 
power. 

2000 ohms, 10. watts. 


These resistors damp 
the parasitic oscillations 
which often start in 
centre-tapped coils 

It is bleeder resistor 
which stabilises the 
voltage and improves 
the working of the 
tube. I 


Functioning as tone ( 01 \iF, 450 volts 
conttol. 2 5 kilohms. 1 v*att. 


This is decoupling 
arrangement wnich 
pievents the positive 
feed back. 

T 2 ic output trans- 
former of 6L6 and 
maiches the impe- 
dance of loudspea- 
ker. T l is used for 
coupling between 
stages. 


s uF , 450 volts ; 
4-7 kilohms. £ watt 


\ 

( 

To measure the gain and phase shift of the amplifier, it is con- 
nected in the circuit as shown in figure on page 623 

The input terminals of the amplifier are connected to a variable 
frequency oscillator through a calibrated variable attenuator. A 
V.T.V M. is connected to a switch by which the output of amp i ie 
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and input of attenuator can be measured. The horizontal and 
vertical plates of C.R.O. are connected to amplifier output and 
r oscillator output respectively. We proceed as follows : 

(i) First set the oscillator frequency and output to a low 
value. Volume control is kept at ‘maximum’ while the positions 
of other controls are noted. 

00 Secondly, adjust the attenuator so that V.T.V.M. records 
the same readings with both positions of switch S for which the 
amplifier gain will be equal to attenuator setting. This is noted. 



Circuit for measuiing gain and phase shift of an amplif 

(iii) Now calculate the 

phase shift S from the oscil- ... . 

lograph by using the rela- I Oscillator 

tion I Oat/jut 


sin 8 


+ * 
-X 


4 


If there is any necessity f ... 'N 
for the change of direction, y J / ) 

the phase of amplifier vol . / h 

tage can be altered by con- * u . ■ — 

necting a capacitor in series [ /> Amplifie 

at amplifier output / „ Zj » Out but 

(/v) Keeping the out- l 1 ' 

Put constant, the oscillator v> >—- *1 

frequency is increased in I 

step to a value for which . 

ke amplifier is designed Phase shift me.*,, erne 

A each step the readings of phase shift and gain are noted. 

sr&M ass 

<h r e ever" P d ara T p h , e fi 

Water than the available oscillate, on, pm. ° Wpm ,s 


x--* 


Output 
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(v/) The whole test may be repeated for various 
volume control and tone control. 


settings of 


The curves of gain and phase shift to a base of frequency for 

two or three output values at various setting of available control 
are plotted as shown in figure. 



% 

5 5 '- 

°3 0 I 5 d sbo 'boo 2*000 ScooTcfOO 

fXEQUf.VCy //V % 

Amplifier gain and phase shift characterististics. 
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OSCILLATORS 



For transmission of speech or music, we want contmuou 

oscillations. The vacuum tube with P ro P er r ^ "T", des 7red 
elements may be used to give alternating current 

frequency. The vacuum tube does not create y main 

it is not capable of producing oscillation y » current. The 

function of tne tube is to convert d.c. into ,. . vacuum 

vacuum tube alongwith associated circuit is called a vacuum 

tube oscillator. 

Oscillator function are similar to a vacuum tube amplifier. In 
eithe?lase! d r c fU power is supplied from the plate | 

In amplifiers, however, the frequency, wav 5° h 7 t ^ d C0 ^^; i t n U g a 

the generated alternating power is govern y arid of the 

the tube and associated circuit, and no external controlling voltage 
is required. 

The principle of oscillations is 
that the electrons acquire kinetic 
energy from the plate supply 
source and the tube with its asso- 
ciated circuit converts their kinetic 
energies into the alternating field 
energy at the output terminals. In 
this way the tube in oscillator 
converts the d.c. power into a.c. 
power. Here we shall discuss a 

simplified theory of oscillations by 



.. _.J 


Fig. 1 (a) Showing principle of 
oscillations in LC circuit. 

Ollliumicu llicvjl Y v/i -j 

considering a circuit of pure inductance and capacitance as shown 
in figure 1 (a). 


When the switch is connected to terminal 1 , the capacitor 
is charged. The polarity of upper plate is positive and the 

electrostatic energy stored in it is \ CE*. This is shown in fig, 1(b) 

at r=0. Now let the switch be thrown to terminal 2, i.e. the 
capacitor is connected to the coil L and the current flows through 
it. The voltage across the capacitor reduces to zero and the 
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Sn' i s n, ii/f e C ril be< ? mes ,m ■ The ‘Iwiromagnetic energy in the 

* =:t 

capacitor begins to chare/ with ^ 0VVS ln , the same direction and the 

i c & inb T y cnarge with lower plate positive till t—t Thnc 

pSy in dis£“k™i?° u “T f: ,;hro " 8h ' ssr 

aPwara direction till the upper plate of the capacitor is charged as 



Charging and discharging of a capacitor through inductance. 

Cn * n ^ uctor and capacitor are loss free, the trans- 
Hf’f'trrtmo en ? rgy ^ rom electrostatic to electromagnetic, and from 
Thr» v^it gnetic to electrostatic takes place for an indefinite time. 
r»f ™net ag ? acro ?. s the capacitor or inductor will be an a.c. voltage 
«r, 3n am Phtude. If capacitor and inductor are not loss free 
?. X°ttage across them will be damped oscillatory due to ► 

energy dissipation in the elements. 

15 0. CLASSIFICATION OF OSCILLATORS : 

fr.i i Cuu / n tu ^ e oscillator circuits may be broadly divided into 
loi lowing two groups : 
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(A) Those circuits which produce non-sinusoidal waves : 

Circuits which produce non-sinusoidal waves are known as 
relaxation oscillators. They are classified as : 

(1) Vender (ii) Multi- (Mi) Glow (iv) Arc tube (v) Saw tooth (vi) Square 
pol vibrator tube discharge wave wave 

discharge generator generator 

(B) Those circuits which produce sinusoidal waves : 

Sinusoidal waves can be produced by the following types of 

oscillators : 

(1 Negative resistance oscillators : If the circuit behaves 
in. such a way that art increase in voltage decreases the current and 
vic'-versa, the circuit is said to have negative resistance. Any 
circuit having a negative resistance characteristic can be used as 
an oscillator. The four types ot negative resistance oscillator cir- 
cuits most commonly used are : 

(/) Dynatron, 

(//) Transitron, 

(iii) Push-pull circuit, 

(iv) Resistance-capacitance circuit. 

(2) Feed-back oscillators : If a portion of the output is com- 
bined with input signal, feed back is said to exist. If the net effect 
of feed-back is to increase the input signal, feed back is called 
positive or direct feed-back. Positive feed-back is generally used 
in feed-back oscillators. They may classified as follows . 

(i) Tuned plate, 

(ii) Tuned grid, 

(Hi) Colpitt, 

(iv) Complex types using more thau one tuned circuits are : 

(a) tuned grid-tuned plate, 

(b) Meissner, 

i c) electron coupled, 

(v) Resistance-capacitance tuned. 

(3) Crystal oscillators : Crystal controlled oscillators are 
used when the frequency of oscillations is to be maintained at a 
fixed value. The crystal is not used to produce oscillations but 
controls the output frequency of the oscillator with which it is 
used. 

(4) Magnetostriction oscillators : The magnetostriction osci- 
llator circuit is based on the principle that a change in magne- 
tiza'io.v will cause a magnetic material to expand or contract and, 
conversely, that a contraction or expansion of a magnetic material 
will cause a change in magnetization. 

15 1. BARKHAIJSEN CRITERION FOR OSCILLATIONS : 

Figure 2 (a) and 2 (b) show the block diagram and equivalent 

circuit to ascertain the conditions of sus ained oscillations in a 
vacuum lube circuit. 

Suppose a potential E g is impressed on the grid of the tube 
without regard to the source of this potential. The output current 
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Now becauscof the currenf/to the*** ° P f ration of the circuit - 

current / to the input of the coupling network, 



coupling network 
A *8. 2 (a) Block diagra 



Coupling f- 

ujork 



a certain potential wilT^n^t. f ,g * 2 Equivalent circuit, 

coupling network If thit P r P f F aCr ° SS l ? e out P ut terminals of this 
and nhL tn th. ; f - h s , rCtUrn P otent ' al is equal in magnitude 
ted at noint A h ri ® lna * Potential E„, the circuit may be connec- 

To P exan^in^ 8ySt - em Wil1 C ° ntmUe l ° ° perat ^ 

first the transfer imn C j ,terion for 'oscillations analytically, consider 

po?emial tof?;!n ^ h ' Ch,Sdefined as the ratio of the output 
potential to the input current. From the diagram 

Z T ~ — ~ 

I * 

work. Thus 6 * S dUC t0 p ^ ase s ^'ft °f 180° in the coupling net- 

Zj* , /~ E, 

Z r(gsnE g + 

\ r v 


o> 


E, 


Z Tg m E g ^ 


1 + 


E P 


r P g m E. 


E, 


Zrg m ( 1 + 


K 


1 , 


E P 


and 


where K is complex voltage amplification equal to 

^ denotes the impedance as viewed from plate side to 
coupling network. 
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I 1 

t + K- 

L _J_ 

P + Z g m 


1 


Zg n ’ 

1_ 

~K 


..( 1 ) 

From the coupling network figure, complex voltage amplifica- 
tion is 


R = 


E b 


and feed-back factor x= 


E/ b 


But coupling network has the property Et b 
Putting this value in equation (1), 


E„. Hence K<t=[. 




1 


+ « 


-a, 

1 

Zg m 


or 




z+ 


v- 


1 +a/i 


or 


1 

-Zg m = 


1 


■ Zg m ’ 

r p-Sm 


l+oc / 4 


0 


This is another form of the Barkhausen criterion for oscilla- 
tions. 

15 2. ANALYSIS OF THE FUNDAMENTAL OSCILLATOR 
CIRCUIT : 

Before examing particular types of oscillator circuit, it is 
useful to examine the action of each part of such a circuit. 
However, these actions are not 
independent of each other but 
are closely related, all occurring 
almost instantaneously. Fig. (3a) 
shows the fundamental oscilla- 
tory circuit. 

At the instant of closing 
the switch S, the electrons 
emitted from the cathode will 
be drawn to the plate. This 
causes a current to flow from the 
cathode to the plate, through 
the plate coil L v , the E bb power 

supply and back to cathode. As Fig. 3 (a) A fundamental oscillator 
the current through Lp increases, circuit. 

a magnetic field builds up around the plate coil and by mutual 
inductance, a voltage increasing in magnitude is included in the 
gnd con L c . Due to this fact the grid becomes positive thereby 
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t eaS l ng - hC a r° Unt ofp,ate current ’ and the capacitor C in 
the tank circuit becomes charged. The increasing plate current, 

ircreSfth gF w ter V0,ta S e be induced in the grid coil, thereby 
denpndino un P * u 6 current st ' 11 further until a point of saturation, 

and the characteristic of the tube, is reached PP * 

As soon as the plate current ceases to increase, the field about 

he plate coil ceases to expand and no longer induces a voltage in 

the grid coi . The tank capacitor C starts to discharge thfough 

the grid coil; hence it makes the grid less positive, which in turn 

causes the plate current to decrease and the magnetic field about 
the plate coil to collapse. A voltage will again be induced in the 




Expanding Mag- E lectron 
*1 ttic field. flouj 


Collapsing • , a 

Magnetic JuM 


Fig 3. ( b ) 

grid coil but opposite in direction to that produced by an expan- 
ding field. The voltage on grid thus becomes negative, thereby 

decreasing the plate current still further until zero plate current 
flows. 


As the induced voltage in Lg is zero when cut-off is reached, 
the grid capacitor which has been fully charged in the meanwhile, 



Fig. 4. Variation of plate current in the oscillator circuit. 

will now start to discharge through the grid coil. This decrease 
in voltage across the capacitor makes the voltage on the grid less 
negative thus causing the plate current to increase and the 

magnetic field about the grid will make the grid more positive 

thereby increasing the plate current still further until saturation 


Oscillators 


631 



is reached. The cycle of operation repeats itself continuously as 

long as energy is supplied to overcome the losses in the circuit. 

Oscillating energy from the grid circuit can thus be transferred to 
the Output circuit. 

15 3 TUNED PLATE OSCILLATOR : 

Figure 5 (a) shows the circuit diagram of the tuned plate 
oscillator. In this oscillator, a parallel tuned circuit is connected 

directly in the plate circuit. 

Another coil inductively 
coupled to the coil of the 
tuned circuit provides the 
grid excitation. Here it is 
assumed that the grid curr- 
ent is zero. The circuit is 
just similar to tuned class C 
amplifier, but with the diffe- 
rence that this circuit provi- 

TOs' S rmbtaalionT'grld Circuit diagram ofu«d 

leak resistor and a grid _ plate oscillator, 

capacitor C 9 allows the self starting feature. 

Ihe principle of operation is as follows : 

For the time being, we neglect the R t , C, combination which 
simply provides the d.c. grid bias. When tne circuit is closed 
electrons flow from cathode to the plate and plate current flows 
through the capacitor C thus charges it. Here it should be remem- 
bered that virtually the capacitor acts as short circuit. and inductance 
as open circuit. In the charging process of the capacitor the lower 
plate remains positive. After a short duration, when the charge 
across the capacitor builds up, the plate current diminishes because 
of a fall in plate voltage which la equal to the difference of the plate 
voltage and the voltage across the capacitor The plate current 
becomes practically zero when the capacitor is fully charged. The 
charge ot the capacitor now flows through inductance and it is 
transferred to a stored magnetic field of the coil. The voltage 
across the capacitor is now reversed When the magnetic field of 
the coil is decreasing, the voltage induced in the grid coil is such 
that the grid becomes more negative than the bias voltage and thus 
prevents the flow of plate current. When the magnetic field of the 
coil has completely collapsed, the capacitor is charged fully with 
upper plate positive. Now the currents flows in the reverse-direc- 
tion i.e., from the upper portion of the coil and thus increases the 
magnetic field in coil in the opposite direction. The current conti- 
nues to flow with decreasing magnetic field and the capacitor will 
begin to charge with lower plate as positive. In this case, the 
voltage induced in the grid coil is such that the grid becomes posi- 
tive. The plate current again flows and charges the capacitor C, 
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replenishing energy lost in resistance of the circuit during the pre- 
vious part of oscillating cycle. The cycle is again repeated. 

Let an a.c. voltage E 0 be applied at the input of oscillator. 
This voltage is amplified by the tube and a current I L flows through 
the inductance L in the plate circuit. Now due to mutual induct- 
ance M, a voltage ju>MIi is induced between grid cathode of the 
tube. If this induced voltage is in the same phase and greater than 
or equal to the applied voltage E g , sustained oscillations will be 
maintainedjn the circuit. We know that the tube makes a phase 
.shin of 180° and again the transformer makes another 180° phase 
shift, hence the feed back voltage is applied in the same phase as 
the original voltage E g . The oscillations in the circuit are develo- 
ped due to positive feed ba^k 

Figure 5(b) shows the 
equivalent circuit of tuned 
plate oscillator. Now we 
shall write tae differential 
equations involving instan- 
taneous voltages and current 
in the circuit and solve them 
to obtain the conditions 
under which oscillations 
take place. 

The loop equation of Fig. 5 (6) Equivalent circuit of tuned 
the plate circuit is plate oscillator. 

pEg=r p l i ,-\-I L ( R-\-jwL ). ...(1) 

For the tank circuit, we have 

Ic =Jl (R+juL). 



JojC 


and 


...( 2 ) 


E 0 =jwMI L . 


...(3) 

ly = h + lc‘ ...(4) 

Substituting the values of E 0 and f from equations (3) and (4) 
in equation (1), we have 

jijajM I L-r^ (/jr. + / c ) II (R-\-jo>L) 

— r pi t + r P I c -j- 1 1 (R-\~jojL) 

==r elc'\- 1 l {r t ,-\-R-\-ju>E) ■•■(5) 

From equation (2) 

Ic = h.- jwC ( R-\-jcuL ). •••(6) 

Substituting the value of I c from equation (6) in equation (5), 
we get 

ujcu MI L =r B I ij'ojC (R+jwL)+I L ( r P +R+jcoL ) 
jo>Ai^=ju>C.r P .(R -} jwL ) -}- (rp-\-R-\-jtnL) • ••(!) 

Equating the real part in equation (7), we have 

— <x> i LCr p -\-r i ,-\- R=0 
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or 


CO 


rp±R^ J_ 

LC 


1 + 


R 


V 


1 


#• I 


CO 


^(LC) 


CO 


o 


1 + 
R 


R V '* 


1-J-— — \, since R < r p . 

2r -p 


where w 0 is the constant angular frequency of the tuned circuit. If 
R is very small, 

R 


f=U [ 


1 + 


2r 


v 


...(S) 


So the frequency of oscillations is slightly greater than the 
resonant frequency of the tuned circuit. 

Equating the imaginary part in equation (7), we have 

a,Mn=u>Cr P R+u>L 
L -\-CRr p 

- 7 — ...(9) 

This is the minimum value of the mutual inductance between 
tuned circuit and grid bias for maintained oscillations. 


Again 


H H- 

= L + CR 

U gm 



CR 

gm 


pCR 

or Mu— L‘ ...(10) 

Equation (10) gives the value ot gm for sustained oscillations 
in a tuned plate oscillator. If gm is less than this value, oscillations 
die out and if g m is more than this value, the oscillations continue 
to build up and then with R a C g bias, the point of operation shifts, 
until such a position is reached where g m has the desired value. 

Building up of grid bias voltage in the grid leak and capacitor 


circuit. 

The self starting feature and a grid bias voltage of magnitude 
equal to or greater than the cut-off value are both realized with the 
help of grid leak and capacitor combination. Before the supply is 
first connected, the capacitor C 9 is uncharged and the grid bias 
is zero. When the supply is connected, a surge of plate current 
passes which induces a sinusoidal voltage of small amplitude in 
grid coil. This voltage is applied to C t R g combination and grid 

cathode structure. 
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„ a *? raw ' n S positive half cycle, a pulse of. grid current occurs 
and the capacitor C g receives a charge. The action is similar to 
a half- wave : rectifier circuit with a resistive load and a smoothing 
capacitor. The capacitance of the capacitor should be large enough 
o aveneglible reactance at the operating frequency incompari- 
son with the grid leak resistance R g . That is, P 

1 


wC ff ^ R °’ 

Hence the time constant of the 
relation 


...( 11 ) 

biasing circuit must satisfy the 


RgCg 


1 







where ris the period of oscillations. 



During the other halt cycle, the grid is negative with respec. 

to cathode, no grid current flows and the only path by which C Q 

may discharge is through the resistance R g . Thus the charge of C g 

leaks on through R g under the condition 2. As the rate of leakage 

is small, some charge is accumulated on C g during the cycle. This 

process is cumulative, the charge on the capacitor builds up, the 

negative grid bias voltage increases, and the grid current pluse 

decreases until a steady state is reached when the total charge 

received by the capacitor is equal to the total charge lost by it 
through * 


15 4. TUNED GRID OSCILLATOR : 

Figure 6 (a) shows the circuit diagram of a tuned grid oscilla- 
tor, also called the ‘Tickler coil osc llator”. In thiscase, the tunep 
circuit is connected between the grid and cathode of the valve, anp 
coupled to the anode by mutual inductance. 

. When the circuit operates, the plate current flows. The 
increasing plate current induces a current in the grid coil. This 



Fig. 6 (a). Tuned grid oscillator. 
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current charges the condenser in 
the tuned circuit in such a direc- 
tion that the grid becomes 
more positive, thus increases 
the plate current further. This 
process will continue until the 
plate current reaches a satura- 
tion value. As there is no fur- 
ther change in current in plate 
coil, there is no further change 

7 a 



Fig. 6. (b) Equivalent circuit. 


coil, ineic lb llv IU11UV1 - , . , . J I „ _ 1 

in grid potential. The tuned circuit capac tor which had charged 
earlier, would now discharge through tuned circuit coil. ^ hen 

the condenser discharges, a fall of potential takes place which 

makes the grid less and less positive with the result that t plate 

current starts decreasing The decrease in plate curren tin he 
plate coil will induce a current in the tuned circuit coil, such that 
the tuned circuit capacitor will discharge more rapidly, resulting in 
grid going more negative and plate current decreasing. Now the 
plate current reaches the cut off value. The cycle of operation 
repeats itself at a frequency determined by the frequency of the 
tuned circuit. Any loss of power in dissipative elements of tuned 
circuit is made up fin magnitude and right phase) from the valve 
amplifier and oscillations can be maintained as selt sustaining. 

For the purpose of calculating the condition of oscillations 
and frequency generated by the oscillator, we assume that a voltage 
E g is applied between the grid and cathode of the tube. Due to 
this voltage a current l v flows through the inductance L. Due to 
mutual inductance a voltage E g is induced between the grid and 
cathode. If this induced voltage is greater or equal to the input 
voltage and is in the same phase, sustained oscillations will be 
produced in the circuit. The feed back voltage is in the same phase 

with input voltage because the tube makes a phase shift of 180^ 

and again the coupling transformer makes a phase shift ot 180 
i.e. a total phase shift of 360° takes place. 

Applying Kirchhoff’s law to meshes (1) ann (2). 

nE g =I p ( R + r v +jcoL) — jojM I x 


..-( 1 ) 


0 


h l^i+ywLj+j^r- j— y'wM/p. 


...( 2 ) 


Again 




/, 


>Ci 


Putting the value of Eg in equation (1), 

H A_ = /* (R+r P +ja>L)—jo>M h. 


j(JiC x 

i f +jo)M (R-\-r v ->rjojL). 


...( 3 ) 
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Also from equation (2), 

Rx +ju)Ly -f- : 


h 


1 




jcoMIp. 


...(4) 


shall wl diR§ eq , Uation (3) b .y ( 4 M-e. eliminating /, and /" we 
tants the reaTnarr im ^ lv . ing frequency and circuit cons- 

andLLinarln, t f n 1Ch W [ H g,ve the condltion of oscillations 
we have 8 y P * W1 glVe the frec l uenc y of oscillations. Thus, 


JcuCj 


+ Jto M 


B -f- r p -f - jtoL 


1 


+jwL 1 -f — - 
Ii R r D and is neglected, we have 

^ T +jcoM 


jcoM 


jcoC 


fl M f J . 

CT [Ri+j»L 1+ — } +jwL ^ 1+jtaLl+ l ) 

Equating the real parts, we have 


On cross-multiplication, 


1 


JcoL 

'JcoM 


...(5) 


>Cx 


(6) 


^ u) 2 M 2 =R 1 r p -o) i LL 1 +^ r 

Cl* 




than 


nM- w'M 2 Q = R^p C 1 -w 2 C. LL X + L. 
If the circuit is resonant, so that 

pM [ 1— - — ^ — R^pC^, since u,- 


1 


L 


LiCx ' 


t , M . 

Jn general j— is small compared with unity and so 


M 


M 


R\^pC\ C x R x r 


H- 

C X R X 

Sm 


r p?m 


This gives the maximum value of M required for the main 
tenance of oscillation, i.e. 

g >£*« 

Sm ^ M 

On equating the imaginary part in equation (6), 

T «= (^i Cj v +R X LC X ) 
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GO 2 


L\C\r v -\- R\LCi 

1 


L\C l -) r 


R X C X L 


1 



1 


w 


;o*&) 


1 


1 + 


tfjL I " 1 / 2 


'\/{LiCi) [ 

i?,L 


O7 0 


1 


/=/.[ 


1 


2L x r B 

RjL 

2L x r t 


where 


/o 


* 

1 


2uV{LxC x y 

The frequency generated in this case is thus slightly lower 
than that of the resonant freq uency of the circuit connected bet- 
ween the grid and cathode of the valve. 

15-5. HARTLEY OSCILLATOR : 

The Hartley oscillator is one of the simplest type of oscillator 
circuits. The circuit arrangement can be shown in two forms, 

(f) series- fed circuit, and (//) parallel fed-circuit as shown in fig. 7. 

C 2 fi.F.C*OA£ 






(a) A series-fed circuit. ( b ) A parallel-ted circuit. 

Fig. 7. Hartley oscillator circuit. 

In Hartley oscillator only one coil is used, which is tapped 
such that a portion L x of the coil is in the plate circuit, while L 2 is 
in the grid circuit. The amplified energy in the. plate section is fed 
back to the grid circuit by means of inductive coupling and amount 
of coupling will depend upon the number of turns in L x and L 2 . 
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la series fed circuit, the plate power supply is connected in 

series with the plate section. In this case, oscillatory current flows 

through the high tension source. To remove this, high tension 
source is shunted by a capacitor Q. * 

In parallel fed circuit, the plate circuit is divided into two 
parallel branches, one to provide a path for direct current and 
ot er for alternating current. R.F. choke keeps the alternating 
current out of the d.c. circuit while C, keeps the direct current out 
o a.c. cj.cmt. In order that most of the r.f. current may flow 
ough the plate section, instead of through tne plate power supply, 

t e re tctance of C 2 at the resonant frequency should be small in 

comparison with the reactance of the 
choke coil at the same frequency. 

Thus the function of C 2 is to pre- 
vent the d.c. component of power 
supply to reach the tank circuit. 

If the presence of C u C., and 
r. f. choke is neglected, then the 
equivalent circuit for the two arran- 
gements will be the same as given 
in fig. i 8). 

Applying the Kirchoff’s law to 
meshes (1), (2) and (3), we get 

(Ri+jatLj + ltjwM Fig. 8. Equivalent circuit. 

■••(0 

(R 2 +ju>L 2 )+I 1 jcoM •••(2) 



°=/i (Ri+jtoLd+Ti jojM+ 1, (R 2 +ja>L 2 )+I l ja>M+j^ c (3) 

Again Ip=h— h, —( 4 ) 

and form equation (2) and equation (4), putting the values of Eg 
and I p in equation (1), we have 

I 2 [(^/?2+ r p)+J^> (uL 2 — A/)]=/i [Ri+fp+joj (Li—pM)] 

I 2 __ R x + r p+jio {L\ — p M ) 

A ~ pRi+rp+jw (fxL 2 -M) • —V' 

From equation (3), we have 

% 

~A [Ri+jo> (L 1 + M)]=I 2 ^R 2 J rju> (L 2 -f-A/)— 

A R l +jw (L l 4- A/) 

A “ / —W 

R 2 +jto (£o + M)— ^r 


Equating equations (*) and (6), 

R\ 4-r 7? + juj (Lj —fj-M) R t +ja) ( Li + 

h R'i. + fp + joj (^L 2 — M) Ro 4- joj{ Lg -f- Al ) —j/ujC 


( 7 ) 
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Cross multiplying and equating imaginary parts, we get 
<*>R* (L 1 -^M)+u>(L 2 +M) 

OJ v</ 

= — fii? 2 o> (L^M) — r P o» (Li + A/)— R l aj(jiL i — M). 
iW {Li-iiW+ufi (L. z +M) (R^ r p ) + pR 2 u* (L x + M) 

+ r„ (Li + A/) ci>*+J?,o* ^ 2 -A/) = ^ 
oj 2 ( 1 + /x) + 7? x Z^ 2 (l+^) + 0 (L x + L 2 -f 2Af) = ^ — 


Now (1 and J?,L, (1+/*) can be neglected in compa- 
rison to r ff (Li+L»+2t/); hence we get 

P-^Tp 

Cr p (Li t L^-y llvl ) 

. ° )= J[ - ) ' V ( C (L , + L 2 + 2M) ) ' ' 

But 

V iC(L 1+ 'z, + 2</,T = resona,,, frequenc!,/ '“ Wffcj- 

because in this case of coupling L=(L 1 +L 2 4-2A/ > ). 


Hence 


/=(,^y'V„ 




i + 


Ri 

2 r, 


.)* 


...(8) 


Equating the real part in equation (6), we get 

Cr v (/?i + ^? 2 ) (Li4-L 2 -‘-2A/) 
m ~I 2 +A/ + (Li + A/j (L 2 + A/) 

If the resistance of the coil is negligible. 

L,+ ^ 

** L a + M ' 

The circuit can thus be a d justed for oscillations by the alter- 
nation of the tapping point on the coil. 

15 6 COLPITT’S OSCILLATOR . 


The principle of Colpitt’s oscillator is similar to that of Hart- 
ley oscillator, but the change being that the cathode is connected 
to a tapping point on the capacitor instead of the coil. 

As there is no conduction path between the grid and cathode 
of the valve, it is essential to provide a grid leak resistor R s . In 
addition, a low reactance capacitor C’ is required to blcck the 
direct potential of anode from reaching the grid. A high frequency 
choke is also necessary as the circuit is shunt fed. The grid exci- 
tation voltage is obtained from the grid tank capacitor C 2 . 
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Fig. 9. The Coipitt’s oscillator circait. 

In this oscillator, as plate current starts to flow, the plate 
blocking capacitor C' starts to charge, which in turn also causes 
the plate tank capacitor C x to charge. This increase in voltage is 
transferred to the grid tank capacitor C through the r.f. choke, 
causing the terminal connected to the grid to become more nega- 
tive. When the feed back voltage causes the plate current to 
decrease, less energy will be stored in the plate tank capacitor, thus 
reversing the direction of the feed-back voltage. As this action 
continues, sustained oscillations will be produced. 


If the effect of the extra components / e. r.f. choke, condenser 


C' and resistance R (J be neglected, then 
the equivalent circuit is of the form as 
shown in fig. 10. 

Applving the Kirchoff’s second law 
to the various meshes shown in the fig. 
10, we arrive at 

!lE ° ~ Iv r * + jdc] . ( 1 ) 

E-h 

3 ~>C S ...(2) 

0 = r ©'- ( R +^ L +m) 


M 


© 


c, 


We, 


t 




jloCo. 




R 


..(3) 


Applying first law at the point M Fig. 10. Equivalent circuit. 

/ j / .••(!) 

— /j — Lf 

Putting the value of E g from eq. (2) and 1 B from eq. (4) in ec F 
(1), we have 

]wc.r {Ii ~ l2) r * + j^ci 
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A 

A 




1 


j*»C 1 




fo+ 7 


Fro 


' 1 jo>C 2 
equation (3), we have 


■j^cr 2 v ^ 'joe* 


h 

h 


i 


jcoC, ^R+juiL+j^^ 

Equating equations (5) and (6), we have 

1 


~< 6 ) 


r p+t 


juC 


1 


Tn + -? 


coC> 


jcoC. 


joJ Ci ( R +j“L +j^ 2 ) + ( R +> L +>cj 


rr7+“ 


j0)C< 



—uPC x C 2 rpR 


jtoCi -f- jcoC 2 R 


Equating the imaginary parts, 

— rpOj 3 C l C 2 L-{-rp(x)Ci^rcoC2R = — TpwC 2y 

TpC i -\-CoR-\-r pC. = oy rpC x C%L 


jajC 2 -H 


CJ 


fpCi 


C>R 

* T “i" 


r nC 2 


r„C,C*£ + r^C,C 2 L 

1 1 

+ -^-v + 


r p C x C 2 L 


C 2 L'r p C x L'C x L 
Ci+C*^ ^ 


C,C 2 L ' r p C x L 

i r c x +c 2 R 1 

C,lL c 2 + r„J 

1 / C x + C\ 


C X L\ C 



1 + 


c< 


and 


to 


f- 


J(c 


Ci+Cj 
Co 




V c,c 2 l 

Ci + C 2 


m 

)& 



2nJ \C.CoL 



1+ 


c. 



Ci+C 
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by equal: ° Th^Ts^ ° SCilla '° ry b£ 

(1 -hH-) = Rr i> aj 2 C 1 C,+oj 2 LC 2 . 
l +^=^ 2 [Rr p C L C 2 +C 2 L] 

_Q±C 1 [ Ci \R "1 

C\C 2 L [ + 1 c x 4 - Co )r p J [ Rr * c i c * + C «- L ] 


1 + 


__Q _ 

Cj +C 2 


c,/?. . . 


+C 2 \ . /?r 


+-^(Ci+c t ) 


Neglecting the ter m ^-— being very small, we get 


J +/ 


_C, +C 2 i?r 

= “cT + 1 


+ Y ( c ’+ c *)- 

(Q+c 2 ). 


This is the condition for the circuit to be oscillatory. 

15 7. DYNATRON OSCILLATOR : 

It makes use nf tw 


it makes use of that 
portion of the plate charac- 
teristics of a tetrode which 
displays negative resistance. 
Fig. 11 shows the plate cha- 
racteristics of tetrode for a 

fixed value of screen grid 
voltage. * 

As the plate voltage is 
increased from zero, the 
plate current increases nor- 
mally. At a particular value 
of plate voltage E pli secon- 


Negafive Resistance 
Region / 


w 

a 

O 


j4. [ 

Pia/e. Voltage. 6b 


4 


Fig. 11. Negative resistance character- 
istics of a tetrode. 


f * w m lOlIL» j KJl iX IVllUUC. 

ary emission from the plate begins and these electrons are 



Fig. 12. Circuit of a dynatron oscillator. 
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collected by the screen grid because screen grid voltage is then 
much higher than plate voltage. The number of secondary electrons 
so lost by the plate, may exceed the numbei of primary electrons so 
that the net plate current actually decreases with the increase of 
plate voltage. Beyond plate voltage E^n secondary electrons are 
drawn back to the plate because this potential is sufficiently large 
to hold them. The negative resistance portion AB of the tetrode is 
used in dynatron oscillator, circuit of which is given in fig. 12. 

This oscillator operates with a 
fixed grid and screen voltages. The 
plate circuit contains a parallel LCR 
circuit. As there is no alternating 
current in plate and r„ is negative, 
equivalent circuit is given in fig. 13. 

Applying Kirchoff’s law to the 
two loop network, 


*!»■ 



r p — 0. 


dU 

dt 


( 1 ) 


Fig. 13. Equivalent circuit. 


L $ +i ’ R --c S ''*- 0 

On differentiating equation (2), we get 

1 


-( 2 ) 


^ di 2 i dt 


/,-0. 

V / 


Multiplying by C, 

d '‘i , C R di '-i 

d? * CR d, 

% 

Again multiplying by r p . we have 


LC 


...(3) 


r r d h 

LCr P d ., CRr P dt 


h r p 


Putting the value of i 2 r p from equation (1), we write 


LCr 


dH x 


dl \ r di i 


, +r P CR^ =L^+i 1 R 


dt 

d% 

dt 2 


to r p 


LCr p + ( r p CR - L) = h(R-r p ) 


dii 

dt 


d 2 i, r„ CR L di , (r.. R) 


dt 2 + LCr p 


' dt + LCr 


/,= 0. 


(4) 


For sustained oscillations, the coefficient of should be zero 


dji 

dt 


i.e. 


-=0. 


r v CR- 
LCr v 
r v CR — L~0 ; 

Tp - CR 


...(5) 


cvrmt~*m Ip 


644 


Hand Book of Electronics 



Fig. 14. Current and voltage waveforms of dynatron oscillator. 
Figure 14 shows the current and voltage waveforms of a dy- 

natron oscillator. If r p has a value greater than the amplitude 

aC 

will decay exponentially and oscillations will not be sustained. If 
r p has a value smaller then the amplitude will increase and 

finally when r p =-^, the oscillations will be sustained. The limiting 
condition for sustained oscillations is 



The frequency of oscillations will be 



(coefficient of i\) 



1 

V(LC) 



f 2 W(LoJ[ l rj* 

The condition (5) of sustained oscillations and frequency ex- 
pression (6) of oscillations can also be derived by apply 10 ® 
KirchofiPs law to the meshes (1) and (2). 

For mesh (1) 

Oi + h) + h (R+ja>L)= 0. - (7) 
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mesh 


(R+jwL) /, 


jioC - 


.( 8 ) 


we get 


From equation (7), we have 

r vii r vh+ii (R+j(oL)=0. ...(9) 

Substituting the value of /, from equation (8) in equation (9) 


or 


we get 


-'Vi —r, (R+jajL) ( juiC) h — f—Vj (R+jcjL)=0 

~ r p~ r v (R+ju>L) ( jwC ) -f- (i? -f- ju>L)—0 

— r p — r p RjoiC +r p u! t LC-\-R+ jajL = 0. ..,(10) 

Equating the imaginary part on both the sides of equation (10) 


T pRcoC 0 


or 


rp ~~CR' 


we get 8a ' D eqUaling the real P art on both the sides of equation (10) 

pwPLC~\- R—0 

r n r n 


or 


rjLC 


=rc(-|) 

" /= 2^V(LC)( 1 — z ) 


1/2 


The frequency stability of dynatron oscillator is very hieh 
because the cathode and plate capacity which can affect the freni, 
eDcy of oscillations is very small. In this case there is no variahi* 
coupling factor between the grid and plate. The main advantage 
ot dynatron oscillator is its dependence upon the secondary emfs 


15 8. RC OSCILLATORS : 

As the name suggests, RC oscillators employ only the resistors 
and capacitors in network ; no inductor is used in such a type of 
oscillators. Such circuits have an advantage that they can be used 
4 f or very low frequencies, where LC resonant circuits, would be too 
much bulky and expensive. The basic principle of using an ampli 
lying device and feeding back a positive signal of sufficient ampli- 
ruae to overcome the losses still applies. There are two tvnes 

of these oscillators : (i) Phase shift oscillator, and (it) Wien bridee 
oscillator (RC tuned oscillator). g 

(i) Phase shift oscillator : This oscillator may be considered 
^^ass^type amplifier with resistive load, in which the output 
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developed across the load 
resistance Rl is fed back to 
the grid through a phase 
shift network which intro- 
duces a phase shift of 180°. 
The phase 180’ is produced 
because each L section con- 
sisting of an recombination 
makes a phase shift of 60° at 
the oscillating frequency. 
Since the amplifier itself in- 
troduces a phase shift of 180°, 
total phase shift in the feed- 



Fig. 15. (a) Phase shift oscillator. 


back loop is 3f0°. Oscillations may, therefore, be produced. The 
feed back network consists of three sections of RC network, each 


section contains one resistance 
and one capacitance in series. 

For the frequency of oscilla- 
tions, consider the current distri- 
bution in - the phase shift net- 
work as shown in the figure 
15 ( b ). It is assumed that 
R\ — Ro = R . 
and C,=C 2 = C 3 =C 

£i is potential between plate 

and cathode, and E-, the 
potential between grid and 



Fig. 15 ( b ) Current distribution 

in phase shift network. 


cathode. 


Then 


/j 


...( 1 ) 


hR 


( R+ ]^C ) • 


...( 2 ) 


\ J / 

producing a phase shift of 60°. The frequency of oscillations can 
be changed by varying C or R values. In some commercial appli- 
cations the R values are changed in steps (x 1, X 10, x 100), an 
a variable ganged capacitor is used to select the specific frequency 
with these step values. Further 


h R=(h+It) ~+I 2 R 


...(?) 


and 


£• _ (A + / a +/») . „ 

hl ~^c — +IiR 


From equations, (1), (2) and (3) substituting 
/j, / a , and / s in equation (4), we get 


...(4) 

the values of 
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Ex 


From (1), /, 


A+A + A , (A+A) l\ , p 

jojC + jwC + jwC l 

3A+2A+A r 

: ~>C + £ *- 


••(A) 

...(5) 


From equation (2), 


' 4 ( 


7? + - 


1 


jojC 


Ei E, 



1 


+ 7 


) 


R 1 R 2 jioC 


juiCR 2 , 
• r i A ~b A 


...( 6 ) 


ja>CR 




+ 


1 


jwCrt 1 




1 


A — E-t 


1 +7 3 


/II 1 

jcoRC\R + R +jwCR 2 



1 


7? 1 jwCR 2 + fo 2 C 2 R 3 

Substituting the values of / 2 and I 3 from equations (5), (6) 
and (7) into equation (A), we get 


..(7) 


1 

a 


E, 

E 2 


1 + 


R +2 (/? + jojCR* ) + (t? + j 


3 


1 


jwCR 2 ~^j*w 2 C a R 3 




j(x)C 

, y O.C7? W 2 C 2 R* + a>'C 3 R 3 

« “[ l ~Z/C 2 R 2 ) +J {w 3 C 3 R^^Cr) 

where a is fed-back ratio. 

Let A be the voltage gain represented by 

A — A r -\-jAi, /g. 

where A r is the real component and A t is the imaginary com- 
ponent of voltage gain. 

For a given circuit, assuming the effect of phase shift netwnrl 
on R l to be negligible, we have 

pRt 

r P +R[. 

Obviousiy, j 4<=0 and A r ==~~ 

r P + l<L 


...(9 


For oscillations to be sustained, 


1 

at 


A. 


Ax—1 or 
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Hence Jl R2( ^ C2 J+y [^<^3 ~ a) ci?] _ ^ r ' 
Equating imaginary parts in equation (10), we have 

-i__-6_ =0 

<u 3 C 2 i? 3 wCR ’ 


6R 2 C 2 * 



1 

W V6.i?C ; 

then frequency f=2^RC 

These phase shift oscillations are used only as fixed frequency 
oscillators because the variation of resistance R and capacitance C 
in the phase shift network is troblesome. 


Advantages of these oscillators : 

(a) They may be constructed with simple 


and cheap co 


II 



nents. 


( b ) They can be made to operate at low frequencies. 

(c) The frequency depends upon the product of R and C. 
This enables a wide range of frequencies to be obtained. 

(i d) Phase shift oscillators operate in class A conditions. 

(ii) Wien Bridge Oscillators : Wien bridge oscillator is a two 
stage RC coupled amplifier in which a fraction of the output voltage 
is fed back to the input terminals. Oscillations are produced if the 
feed back voltage is equal in magnitude and phase with tne 
voltage initially assumed at the input of the first stage. Figure 
shows the circuit diagram. 



*ig. 16. Circuit diagram of Bridge oscillator. 


** Resistors i? 3 and R i are used to stabilize the amplitude of the 
output. Resistors i? 4 is either a tungsten lamp or thermister. In 
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cither case, its resistance increases with current, reea-oauc nvw 
Y % is applied through C 3 and R z to the cathode of V v This cons- 
titutes negative feed-back. 

The frequency selective circuit consists of the series element 
AC, and the parallel element R 2 C 2 . The voltage developed between 
their junction (point A) and the ground is applied as input to the 
two stage amplifier. Depending on these component values, there 
will be one frequency at which this input voltage is in phase and 

of sufficient magnitude to sustain oscillations. 

Let Ei be a fraction of the output voltage E a , feed-back to the 

input of the amplifier so that we have 

Ei impe dance in £< bran ch 

= Impedance in E 0 branch 


E 0 

Ex 


...( 1 ) 


RJjatCx 


1 




1 


- x 


jivC 


Ri+- 


i 


jutC- 


+ 


AljuCi 




1 


or 


£o 

E x 


1 


RnjjojC^ 


[ R x+ ! fac t ) J 


T r. i 1 Ei 

I *'+m + *&C: 


+ 1 


X 


j(JL) C 2 

R 2 ijojC 

R 2 jwC t + 1 

T 


..( 2 ) 


R\ j p . r , n , (RijuCz+l) 

JO>C2+l)+ ~J^C l R 1 + 

=j* c * R i+%+e+Z^ t + 1- 

=jwC l R 1 +^ 4 ^- Zc\R 2 +1 ' 

As the amplifier behaves to have zero phase shift, £ 0 and Ei 
will be in the same phase ; hence imaginary part should be zero ; 

a>C 2 R 2 = — >Y n 'i OJ 2 C 1 C 2 /? 1 /?2 


...(3) 


c oC x R% 


1 


then 


f 


V(RiR 2 CxC 2 ) ...( 4 ) 
1 

(R^C^)- ...(5) 


jC 0 

Equating real parts, ^ 



_ ..( 6 ) 

where A is voltage amplifieati 

Advantages. It is used for the production of frequency due to 
following advantages : 

(/) it contains no inductor, 

(ii) low distortion, 

(iii) good frequency stability and 

(/v) constant output voltage over a wide frequency range. 
15-9. FREQUENCY STABILITY OF OSCILLATOR* : 

Due to the variation in the operating characteristp either due_ 
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to 

in 


f^eqtiency'^Fo^mo^of the^pur^s^s^the 0 '^^ 01 " 8 su ®" er Ganges 

iator must remain constant. Now l* .^n °! the 


oscillator must rema n constant fre ^ e ^ of the 

which affect the frequency of the os senior ^ ^ 

voltage changes ^e'Tre^uenrv PP f^ VO,tage : When the supply 

frequency change can be overcom OSC ! llator also changes. The 
supply. K De ° vercoD1e b y using a regulated power 

lion in p 1 at el oad^Th fVeq'ue nc f.° ad .’ When there is any varia- 

(iii) Variat oe ' oscillator PO™r amplifier. 

elements due to chanae i u ^ tarlce and capacitance of the tank circuit 

slightly the inductance an/Znl™?™ : Tem P eraf ure changes affect 
changes the frequency G f th n ° f the tuned circuit which 
mised by a caiXchofce of thfi J 0r ‘ Th c change can be mini- 

•ion which is varia- 

changes, the elernenfof'thp <h ® ltj!)e dements : Due to temperature 

traction and expTnsion of , ,h ' C ° n,raC1 a " d “P and - Due 10 «>“- 

cities vary. As these v C eiements * the interelectrode capa- 

the frequency of the oscillator"^ affe«ed° f ‘ he CirCUi '' 

This occurs when die a nt!ae S0,1 hw ^ redUCDC ^ '^ e output circuit: 

exactly 180°. The maximn Sh f ft m the feed . back circuit is not 
phase shift is exactly 180° m rre ^ uency stability occurs when the 

*5 10. ELECTRON COUPLED OSCILLATOR : 


required. Thus catThe^l^h -813 ^' u. ty °^ out P ut frequency is usually 

tron^coup^ed^sdUato/ ustn^a 'triode! ^ Sh ™ S the e ' J 
lato r T wrthon^ 0 difftre d nVr d SCre . en °° nstitute a trj ode Hartley oscil- 

of screen instead of V* e ^ io 

circuit. Th“ nam? P |,. e ‘ Tbe * oad 1S connected in the plate 

fact that the oscillator c P up,ed oscillator is given due to the 

stream of electrons P ate circuits are coupled solely by the 

“ e ectrons between screen grid and plate. 

A rv . _ 4 


1 


fim uuu piatt. 

screen grid, ^he ^rin 1 f. positive > electrons flow from cathode to 
The frequency is detrr 3 - 10n f u re S enerated as already discussed. 

tank circuit a thon^ m ned by the values of Caad ^ in the grid 

by the screen «rid ev a .? mab number of electrons are intercepted 
lations in the tant d - Cn • en they are sufficient to maintain oscil- 

ircuit. The remaining e^ctrons pass throu°* 


> 
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FiR 17. Electron coupled oscillator. . 

the screen and reach the plate and set up a voltoge across the tu 

circuit. As in case of a tetrode or pen ode ave ncg i,gi- 
unaffected by plate'voltage the load circuit ch b 
ble effect on the frequency determining grid circuit, 
the improved frequency stability is obtained. 

15 11. CRYSTAL OSCILLATORS : 

Quartz crystal and its cuts : 
natural form a quartz crystal has a hexagonal 
cross-section and pointed ends as shown 
the fieure 18. The axis joining he two 
pointed ends of the crystal is called the 


In its 


" 1 1 

1 / 1 

/ | 

\ » 
\ i 

V 




1 J\ 

I \ 

: / 1 

1 1 

i / 1 

■ • 

1 / 1 


z-axis. „ f * , 

Fieure 19 shows a section of the crystal 

at right angles to the z-axis. With reference 

to the figure 19, the three axes XX , X X and 

X'X” passing through the corners of the hexa- 

gon are known as the ^axesor ^ ect ^yi 
axes’. The three axes YY, Y Y and r r 

which are perpendicular to the faces of the 

crystal are called the r-aais or ‘meehaoical 


axes 
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The common crystal are (i) X cut or Curie cut, (//) F-cut or 
30° cut and (Hi ) AT cnt. 

The X cut or Cuiie cut crystal is taken out of a face perpendi- 
cular to A'-axis as shown in the fig. 20. 

The F-cut or 60° cut crystal is taken out of a face perpendi- 
cular to F-axis as shown in the fig. 21. 


y 




t 


y 



'y 

X 

V Co/ f 
Crystal 

- --X 

*- - 

V 



/ y Cut 

f CryUmk 



Fig. 21. Orientation of F-cut 

crystal. 



< 9 - 55 * 5 * 


Fig, 20. Orientation of AT-cut 

crystal 

X and Y cuts are not used 
these days because of their large 
temperaturs coefficients. Also 
these plates often exhibit discon- 
tinuous frequency temperature 
characteristics. Modern theory 
has shown that it is possible to 
have a suitable cut of the crystal 
for which the temperature coeffi- 
cient is zero or it is a very small 

quantity. The cuts which are Fig. 22. Orientation of 

suitable for generation of fre- /47-cut crystal, 

quencies in the frequency range of 50 kc/s to about 10 mc/s. are 
/47and B7’ cuts. AT cut crystal plate is cut from a plate rotated 
about Z-axis so that the angle d made with Z-axis is approxi- 
mately 35-5 degrees as shown in fig. 22. 

When a crystal, such as quartz crystal, is subjected to mecha- 
ntcal stress along F-axis, electric charges will appear on the faces 
of the crystal perpendicular to the Z-axis which is at right angles 
to the F-axis connected. Conversely, if the electrical changes are 
placed on fiat crystal surface by applying a voltage across these 
faces, mechanical stress is produced on other faces. This property 
by which electrical and mechanical properties are interconnected 
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in a crystal is known as Piezo electric effect and has been utilised 
in crystal oscillator. 

Crystal oscillator circuit : In order to make electrical con- 
nections to the crystal, it is usually mounted horizontally between 
two metal plates. As the crystal must vibrate to produce oscil- 
lations, it must be mounted between these two plates in such a 
manner as to allow for the required amount of mechanical vibra- 
tion. A vibrating crystal can be replaced by an equivalent electri- 
cal circuit as shown in the fig. 23 (b). 



Fig. 23, (a) Crystal with mounting Fig. 23. ( b ) Equivalent circuit 

electrodes. 


The inductance L represents the mass of the crystal, the 
capacitor C the resistance or elasticity, resistance R the frictional 
losses, and the capacitor Cm is the actual capacitance formed by 
the crystal electrode, with crystal itself as the dielectric. 

The inductance of quartz crystal is very high depending upon 
the cut and dimensions of the unit. On the other hand, the resis- 
tance is relatively low. This results in extremely high Q factors. 
The capacitance value C and C M are low ; therefore at low frequ- 
encies, the reactance of this network is high. At some definite 
frequency, the reactances of L and C will be numerically equal to 
each other. This is the s eries resonant frequency and corresponds 
to the natural frequency of crystal. At some frequency higher 
than the resonant frequency, the combined effective reactance L 
and C is inductive and will be numerically equal to the reactance 
of capacitor C M . At this frequency the crystal circuit acts as a 
parallel resonant circuit and its impedance is maximum. The cir- 
culating current in the circuit CLRC M is maximum and therefore 
the crystal vibrations will be maximum. 

In a crystal oscillator, quartz crystal is put instead of resonant 
circuit which determines the frequency of oscillation . Fig. 24 shows 
a circuit of the crystal oscillator. 

A study of equivalent circuit shows that the circuit of the 
costal oscillator is equivalent to tuned grid-tuned plate oscillator 
The feed back takes place through the internal plate grid inter- 
etectrode capacitance C av of the tube. From the study of Miller 

effect, we know that the plate load affects the grid cathode impe- 
dance and if the plate load is inductive, the input impedance of the 
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Fig. 24. (a) Crystal oscillator. Fig. 24. (b) Equivalent electrical circuit 

valve may have a negative resistance The required inductive load 
is obtained with the help of LC circuit, tuned to a frequency 
slightly greater than the mechanical resonant frequency of the 
crystal. When the value of plate tuning capacitance T increased in 
such a way that the negative resistance component of the input 
impedance acquires a sufficient value, the energy fed back to grid 
circuit increases and circuit oscillates. 

It is advantageous to use a pentode instead of a triode because 
in case of pentode a low grid voltage sin gal is required to drive it 
and due to this fact, the voltage across the crystal will be small 
so that very small heating of crystal takes place. As the value 
of C g is small in case of pentode, it is necessary to place a small 
capacitance between the plate and grid. This capacity provides 

sufficient feed back so that the sustained oscillations may take 
place. /\ 

15 - 12 ./ RELAXATION OSCILLATORS : 

^Multivibrators : Multivibrator is a device which produces 
extended volfhge waveforms of almost square shape and also vol- 
tage pulses occuring periodically. According to one method of 
classification multivibrators may be classified as : 

(a) Free running Multivibrator : This may generate pulses 

and extended waveforms independently without the necessity of any 
driving or external synchronizing voltage pulse. . . 

( b ) Single shot Multivibrator : This requires one driving 
pulse for generation of each cycle cf wav form. 

( c ) Bistable Multivibrator : This required two driving pulses 
one for each half cvcle of the waveform. 

Free Running (Astable) multivibrator : 

Essentially the circuit of 
multivibrator consists of a 
simple two stage RC 
coupled amplifier, without 
cathode bias, but with the 
output from V 1% fed-back 
as the input to V 1 since 
each tube (V } and V 2 ) pro- 
duces a 180 deg phase 

shift, any output from V> Fig. 25. (a) Free running multivibrator. 
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is in ph»$e with the input to V t . 

In other words, 
we have positive or 
regenerative feed back. 

Since the coupling 
between the two tubes 
is via the plate of the 
other tube, this type 
of free running mul- i 
tivibrator is also 
known as a plate 
coupled multivibrator, 
whose circuit is given 

in the fig. 25 (a), (b). 6 " T 

Fig 25. (b) Rearanged torm of free 

running multivibrator. 

Operation: Initially let us suppose that there is no charge on 
condensers and grid to the tubes are at zero potential. When 

f, at . e vohage is switched on, the plate current flows in both 

e tubes and also the voltages across the condensers increase. If 

cnrrl W f° ha -Mfl S ° f t] ?r Circuit are P criect| y symmetrical, equal plate 

R a sli!ht W H fT fl ° W HO u e u er ’ this 15 n0t alwa y s Possible and there 
is asiiglit difference which causes a cumulative unbalance. 

n Consider that the grid potential of valve V x becomes slightly 
negative the plate current immediately falls and a positive signal 

s applied to the grid of valve K 2 . As a result, the current in V a 
increases and the output signal is decreased. As the signal is 

cuFrcnt d f t( ii the -n ri r d ° f Vu the grid becomes more negative and plate 

ofS/i!* 1 a l. further ; Thlseffect is cumulative — the potential 

the current m V } is cut off. Simultaneously. V, is driven into 
ma>u mum condition With V x still cut-off the charge on capacitor 

vaW p ak F ,h K° USh Rl and at 50mc p0 " U the P° tent 'al of the grid of 
c ' h ,3 b ^ orn , es snch that the tube starts conduction. Due to 

of vaDeT °I Va Ve "• & n ~ gatlVe Potential is applied to the grid 

Th«..u ' A ° UmU a ' lVe cbain OCCUrs and the va lvc V, is cut off 
“ S r ? C - re arC f ?° uns ' able limiting conduction, one in which 
alve Vj is cut-off and the s.-cond in which valve V 2 is cut off 

DotemL f f d r d t K ir o Uit °P" ratio " : Le t us now suppose that the grid 
P ntial of the first valve £> t . becomes slightly negative The 

risFs dC ThF 11 r?l immediatclv fa,ls ' and tb e anode potential E P 
and t he A re tTo T/f f * ther \ flowS th ‘ ou S h the condenser c\ 

U xne rcsistoi R t . This current sets up a potential different 
Positive ° SS The reS ‘ St ° r ’ wb,ch makes the grid of the second valve 

anode potential of the second valve E P • canacir n- P 

Previous chlro f i ' h i 1 8r ° Und m SC [ ,es with cannot hold its 
tim; °^.°narge It discharges as shown in figure Thp 

ng etng primarily determined by the time constant R t C ly Since 
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current flows down through R u the grid of V x is driven negative. 
The plate current of V 2 will decrease and the plate potential will 
increase. 



Fig. 26 (a) Discharge of C x 



As capacitor C a is connec- 
ted between the plate of V\ 
and ground (in series with 
resistor R 2 , the charge on 
capacitor C 2 will increase. 
The charging path is shown 
in the fig. 26 (6). 


Since the grid of V a is 
driven positive, its plate 
current increases. But this 
was the starting premise. In 
other words, the action is 
commulative (positive feed- 
back) and almost immediately 


Fig 26 (6) Charging of C 2 

V x will be driven deep into 
cut-off, its plate potential 
rising to full E bb value. 
Simultaneously, V 2 is driven 
into maximum conduction 
and its plate potential falls 
to its minimum value. At 
this point no further changes 
can take place and the plate 
potentials remain constant 
for a while at these values. 

With time, C x discharges 
sufficiently (and the discharge 



mv vjiovuui Fig. 26. (p) Charging of 

current falls to a value low enough) as to bring V x just ou . t0 
off. Plate current Ip v begins :o flow, plate potential tp\ b 
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drop and capacitor C 2 starts 
to discharge, applying a 
negative voltage to the grid 

of V 2 . Plate current I s will 

begin to decrease, plate 
potential E Pi rises, capaci- 
tor C x begins to charge as 
shown in the figure 26 (c). 
This drives the grid of V l 
positive. 

This time the grid poten- 
tial of the first valve is rising, 



Fig. 26 (d) Discharging of C, 



and the avalanche takes 
place in opposite direction 
until the second valve is 
biased beyond cut off. 
Exponential decay of the 
grid potentials follows, 
and the cycle repeats itself 
indefinitely. 

Potential waveforms : 

Potential waveforms of 
free running multivib- 
rator are shown in fig. 
26 (e). 

The frequency of 
oscillations : If 7\ is the 
time taken by the first 
valve to recover after 
being cut off and similarly 
T 2 for the second valve 
(which depends upon the 
time constant associated 
with its grid condenser), 
then appioximately, 


4 



T x - R X C X 
and r 2 -/? 2 C 2 , 

The total time for 
full cycle 

T= T, + T t ~ R\C\ + R>C%. 


Fip. 26 (e) Waveforms. 

The frequency of the output wave shape must be reciprocal of 
the period. 



1 

R l C l +R^C t 
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are “ d . ^ and the dances R, and R, 

waveform’ ^ * Ca!led . symmetrical and gives the 

different from R *?' - By P iakm 8 the tim e constant R l C l 

cvcle can hp Va rv!i V ^ re ative lengths of the two parts of the 

waves to sharp pules. ^ ° UtPUt Waveforms ran 8 in S from S{ 3 uare 
znuhwLator! 1 we p^dSL'T'” 10 ” ^ ° f 


Let Ex 

E> 




E. 


-Potential of supply source, 

-Plate potential across valve V 1 when it is conduc- 
ting, 

-Plate potential across valve V 2 when it is conduc- 
ting, 

=Cut off value of grid potential of valve V l9 

-Cut off value of grid potential of valve V 2> 

=Time during which the valve V \ remains non- 
conducting, 

: Time during which the valve V 2 remains non- 

conducting. 

condnrfW J* rst X a * ve IS cut °ff» the time T t for which it is non- 
7 1 for e Pf n( ^ npon the product R X C 1 and similarly, the time 

total timJV Va L VC * s non ’ c °nducting depends upon R 2 C V The 
which vq i 18 r ?P sum these two time periods. The time T x for 

ve v l is non-conducting is the time required for E 9l to 

fore eXp ° nential, y from -(Ebb-E^) to cut off level -E 01 . There- 


^01 

Eq2 

T x 

T 

JL o • 


E 


01 


(Ebb 


• m 


Ti=R 1 C 1 log 


Ep 2 ) e 

( Ebb E p \ 


T 1 /R X C 1 


01 


...( 1 ) 


Similarly, from the equation to T 2 , we have 

p (p p \ — ^ 2 / RoC, 

—Eo 2 =(Ej b — E { , x ) e ' ~ 2 

( Ebb Ep x ) 


T 2 =RzC 2 log 


E t 


Total time period T is given by 

T-r.+ T^C, log log , 


...( 2 ) 


E r>) 


E, 


•^01 

If the two halves are identical, i.e., 


E 


02 


E 


E P =E 


Pi — — •■-v. 

and R^R^R, C.fcjlc! wfhave 

T=2RC\og t ( Ebb ~ E J 


E. 


...( 3 ) 
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The frequency /is given by 


T * 


• • 


IRC log 


(E^-E p ) 


...( 4 ) 


The expression is valid only for low frequency reception as it 
does not include stray and tube capacities. 

The choice of plate load resistance R L is important, as its 
proper choice gives optimum frequency. 

Stability. To deduce the value, consider the fractional change 
in period of system. From equation (3) we have 

_ RCd(E ob -E v ) 
dl ~ (E^-E v ) 

. dT d (Eji E v ) /-c\ 


and 


(^-fV'llog, 


(Ebb— Eg) 

~E> 


...(5) 


This expression will be minimum when the denominator is 
maximnm ; when this is done, we have 

Ebb — Eg— 2*71 E q . 

Thus for optimum frequency stability 

p 2-71 E 0 


where I p is the plate current when valve is conducting. 

15 - 13 . ELECTRON MOTION IN TIME VARYING FIELD : 

In tubes operating at microwave frequencies, the time of transit 
of an electron between two electrodes in the tube may be relatively 
large in comparison with the period of electric oscillations. It is 
interesting to study the motion of electrons through the field when 
a large transit time is involved. 

For an example, let us investigate C P 

the motion of electrons in the time j 

varying held of a parallel plate diode in r 

which the current is temperature limited, i -e 

In the diode shown in the figure 27, 1 

the instantaneous potential difference 
between cathode and plate is assumed 
to have a direct component V 0 and an 

alternating component V x sin cot. Then V 0 V } sircot 


^o+Vi sin cot. ...(1) 

Since the space charge density is 
negligible, the electric intensity in the 
diode space is given by 


-e 

c— d/- 




Vf Strcot 


Fig 27. Parallel plate diode 
with d. c. and a. c. 
applied potentials. 
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E, 


V 

d 


Vp+ V x si n (ot 
d 


Hence, force experienced by the electrons 


~ji v o- s r-V 1 sin ait). 


...( 2 ) 


eF., 


...(3) 


If m is the mass of the electron and d -F is its acceleration. 


then the expression for force is equal to m so that 

dt 2 * 


d 2 x e , _ 
m di r=1 ~j( V o+ V i sin w/). 


or 


r[ V 0 t — —COS (Ot 

(O J 


1 + Ci. 


...(4) 


...(5) 


dx e 
dt ~ md\_ 

where C x is the integration constant. 
instant^ 056 ^ e,eCtr ° n ,eaVes the cathode with velocity n 0 at the 


V, 


V °=^d[ V ° f ° „ 

c 'i=»o-f *Vo~^ 

L ^ 


COS cot 


o "| + Cj, 


cos o>/ 0 

<*> md 



Putting this value in equation (2), we get 
dx e \ v . v i 1 e X V 

II Vgt -COS at I -C«> I Tr * V 1 


dt md\ 
e 


V n t 


md 1 r 0 


O) 

V± 

(O 



md 


[ Vo<o 


CO 


COS O)t 0 


COS CO/ 


e f F 

I (*— *o) — ~(cos co/ — cos co/ 0 


V I 

^0^0+ — COS (Ot 0 + v 6 

w i J 

|) ]+*o 


md t oj 

Again integrating with respect to t we get 

x - 1- \ V <±Z f o) 2 VJ1 ■ 

mdY°^2~~ UJt ~ t cos o 

At the instant x=0, t=t 0 , 

Vo 

CO 


...( 6 ) 


* v A A w IUJ 

°-h[ 0 


j j+tV + ^2 


• • 


(7) 


/ 1 • 
—si 

\a> 


sin (ot o / 0 cos (Ot 0 


e \V_i \ 


Ci ^^d[zr[zr sin wt ° ~ r ° cos 

Putting in equation (7), 

' r v . iLzhl 1 f '. ! l 


J j +e 0 / 0 

)]-’ 






/wc/[ 


I — sin cut — t cos co t 0 

\<o 


co Vco 

e 




/ 


[£ (i~ sin ^ cos ^ )]+*•'• 
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V 


0 


r .) 2 


e 


2 


V\ 

OJ 


1 


sin a if — f cos ov r, 


1 


a# 


Oi 


sin wf 0 


+ r„ cos +v 0 (f— f«)* 


Patting i-r a =r, the transit time of the electron to move from 
ttie cathode to a distance x and let = phase angle of alter- 
nating potential : then 


where 


X 

m • 

K 

= A + B+C 

K «= 

= e_ Yj 

md cd 2 

{<oT) 1 

A = 

2 ’ 

C= 

II 

<■2 

<o 

1 

K 


1514. 


A »- 

B — cos & (<x)t — sin toO+sin <b (1 —cos o>r). 

TDA.Hir.H FRFOIjENCY EFFECTS I 


TIONAL TUBES : 

It is an experimentally observed fact that conventional tubes 
do not operate favourably and efficiently at high frequencies. In 
case of amplifier gain decreases; input impedance and the maximum 
impedance that can be realised in the plate circuit also decrease* 
When valves operate as oscillators, even output decreases , they 
become less efficient and output obtained is limited by both plate 
dissipation and grid dissipation at ultra-high frequencies* The 
above effects in conventional tubes enter due to the lollowing detri- 


mental limitations : 

2. Circuit reactance limitations. 

2. Circuit and tube-loss limitations, 

3. Electron transit time limitation. 

15 14 1. CIRCUIT-REACTANCE LIMITATIONS • 

The electrode leads have got small finite inductance and two 


electrodes in combination form an 
effective capacitor. At moderate fre- 
quency, the reactance offered by lead 
inductances and interelectrode capaci- 
ties is small, but at the ultra-high 
frequency region the values of lead 
inductances and inter-electrode capaci- 
tances becomes large and therefore the 
tube offers an appreciable reactance at 
ultra high frequency region. The situ- 
ation is shown in fig. 28. Because of 
the appreciable magnitude of the lead 
inductances, the voltages applied across 

the external terminals do not appear 
across the electrode. In addition, 



Fig. 28. Reactive elements 
associated with triod e tube. 
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cfrcinf e ] tu i " ductance introduces a feed back through the grid 

admin ^ ^ thlS feedback is that it modifies the input 

admittance as g.ven by Y tn =jcoC ee (1 - coL e gm) ... (I) 

nhvc 8m } s tbe mutual conductance and other quantities bear the 

2 ? finifiCanCe f S Sh0Wn in the fi g- 28 - TheSterm ofmpu? 
part represents °™al capacitive susceptance of the tube and second 
part represents the conductive component of the input admittance 

and has got the value gi n =co*L e C cg?m . ... (2 ; 

the innmTermin^L 111 e ?^ Ct a resistive component is shunted across 

tionaHo th^m I h u raa S ni tude ot this resistance is propor- 

nower wh h ^ arC tbe fre£ l uenc y- The resistance consumes 
power, which increases as the square of the frequency for a siven 

d r rcuh e M and he " ce ^duce the amplifying capabilities of the 

fi " le 'sfhVn *' 'f nt)y J " gh . ff equenc y this makes the gain of ampli- 
1 f. ss lhdn unit y and oscillator output falls to zero 

and elcct . rode , ca P acit y is appreciable at high frequency 

tand tTZ n ' S the P J atC IOad resista nce. The plafe-Joad resis- 

^hunt C and P n W , er out P ut °f the tube. The equivalent 

wllum re sisiarce of a parallel resonant circuit is 

R,,= ~ 1 


or 


R 


nh 


u> 0 -KC- 

Q 

Wn C 


..( 3 ) 


..( 4 ) 


dit^r^n ^ i s equivalent series resistance, C is the total capacity 
determining the resonance and w 0 is the resonant frequency. For 

, glven . res onant frequency, the shunt resistance is 
t C C ■ y decreasing the capacity and increasing the inductance 
o maintain the same resonant frequency. There is a limit below 
ic capacity cannot be decreased. At the most we can make 
ex ernal capacity equal to zero and can minimise the inter-electrode 
capacity. So the conclusion is that larger is the inter electrode 
capacity, smaller will be the shunt resistance that can be realised. 

ence power output decreases as the load. resistance increases or 
as the square of the frequency when frequency increases. 

The gain band-width product of an amplifier is given by 

abf=- 8 ~ 

*C m ...( 5 ) 

Hence the gain-band-width changes inversely as the inter elec- 
trode capacity. 

The tube resistance also influence operation at nigh frequencies 

m that they form significant portion of the tuned circuit, / e at 

ultra-high frequencies part of the resonant circuit lies inside the 

tube. Thus lead inductances and interelectrode capacitances limit 

the actual operation of the tube. Even if the tube resistance does 

not give rise to resonance, it may mismatch the generator and the 
load. 
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The above adverse effects are minimised by making the tube 
small which reduces inductances and interelectrode capacities and 
making tube structure such that electrode ieads are incorporated 
* into external concentric line resonators. Individually, lead induct- 
ances are reduced by making lead small in the the length and of large 
diameter, and capacities are reduced by projecting the leads widely 
separated outside the tube. 

15 14-2. CIRCUIT AND TUBE LOSS LIMITATIONS : 

The power loss associated with the tube and circuit increases 
with the frequency. The associated resistance (due to skin effiect) 
and losses increase as the square root of frequencies. Dielectric and 
^ hvsteresis losses increase as the first power of the frequency. The 
radiation loss increases as the square of the frequency. These 
deterimental effects are lessened as follows : 

(f) Resistance losses are reduced by increasing the current 
carrying surface area. 

(m) Dielectric losses are lessened by proper positioning of 
glass with respect to the points of low electric field. 

O' i) Radiation losses are reduced by enclosing the tube and 
circuits or by using concentric line construction. 

15 14-3. ELECTRON-TRANSIT TIME LIMITATION : 

In all tube applications, a finite time is required for electrons 
to traverse the space between two electrodes because of finite ele- 
ctron mass The time taken by an electron in going from one ele- 
ctrode to other is known as transit time and it is of the order of 
10~ 8 to 10‘ 10 seconds. Its exact value depends on electrode separation 
and impressed voltage. For the frequencies below 10 mc/s, it is 
neglected because it is less than the period of signal cycle. At high 
frequencies, the transit tine becomes comparable or even greater 
than the period of signal cycle. At this stage a phase lag is 
introduced between current carried by the electrons and potential 
that determines the current. This phase lag affects the operation 
of the tube adversely. 

Transit time calculation : To calculate the transistime between 
two electrodes, we must know the velocity of electrons between 
these electrodes or the potential distribution between them. To do 
this, following assumptions are made : 

O’) The electrons are emitted from the cathode almost with 
zero initial velocity and hence potential minimum near cathode is 

neglected. 

* (») The grid acts like an equipotential surface of the poten- 

tial V 0 where 


••(I) 
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with V 9 , the grid potential, V p 
fication factor of the valve. 

. (Hi) The grid behaves like 
tial V„. 
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anode potential and /x the ampli- 

the anode of a diode with poten- 


The last assumption yieds for following potential distribution 

v ~ v °(— r 3 

\x c0 ) ,..( 2 ) 

the e distanrp P hit ential at u distance * from the cathode and x e „ is 
tne distance between cathode and grid. 

tial is^ven by 6 VaWe * S Working as an amplifier, then grid poten- 


o =£<?+ v i sin cut , 


\ / 


where E c is bias voltage. 

anneT^n^i! 1 ^ 0 !! of the . s: g n al are amplified by the valve and 
mvr J ^ anode Potential. Thus both the terms inequation 

ri' ' til w - h , t,me - lt me ans that potential distribution and there- 

frequenc^'amphfie^" C “ hode “ nd S " d *» 


T v \ I E c |. ...(3) 

, . therefore, the effective potential in the grid plane may be 

. cons ^ ant as f ar as its effects on grid potential are concern- 

_ ’ Potential and velocity are then functions of distance and 

not ot the time. 




Now 


where V Q is the quiescent value of anode potential. 

given b 6 Ve ^ oc ’^ l ^ e electron at any point of potential 


..( 5 ) 


V is 


Hence ti 
is given by 




e taken by the electron to go from cathode 


I . V-' 


* 




x 2 / 8 ’ 
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T*q — , 


3* 


CO 



le 


m 


...{!) 


y 


% w » 

Now to calculate the transit lime between grid and anode, we 
assume that potentials of electrodes do not vary with time and the 
potential distirbution between the grid and anode is linear. H is 
justified when valve is not working near cux-ofi. Unuer simn Siiuu 
tions the electron is accelerated by constant electric held, the 
average velocity of electron is given by 

V„ — Vp 

2 ’ .••(«) 

where v Q is tbe velocity with which electron crosses the grid plane 
and v p is velocity with .which it strikes the anode plane. Hence uk 
U ansit time between gi id and anode is given by 

X c p X C g 

.. (9) 


v 


T„ 


i (Vy + t>) 

The velocities of electron at the grid and anode are 

ii 2 j. 


\m 

II e 

>s “A 


y.. 


.. 1.10) 


V 


The following values are typical for a voltage amplifying valve 


Xgg 

=0-05 cm., 

Xgp 

= 0 - 15 cins. 


= — 1 volt. 

V v 

= 200;VOltS, 


50 


' JL = \-76x 10 8 coulombs. /gm. 
m 

For these valves, we have 



ti„=h03x 10 s cms./sec., 
t> p =8'38x 10 e cms./scc 



. . 200 . u 
? / 6 = — 1 + -5Q - =3 volts. 


Hence 

3x5x 10"* 

Tet ~ V(2xl-76xl0 8 x3) 



= 1*5 X 10~° seconds 


and 

T 10-1 

iyJ) i (1*03+8*38) 10 s 



= 2*1 x 10“ 10 second. 

...(12) 


Thus we see that' electrons go much quickly from grid to 
anode than cathode to the grid. 
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Transit time effect : Electronic, 

to transi t^rime^eff z& m ‘ *if the mbe'is fre ^ Uc0ci ^ due 

an oscillator, at moderate frequenc es as 0 an amp,ifier or as 

to anode during the positive haJf c Vc le of 5h r ° nS -5° W froD1 cat hode 
electrons are accelerated by the field n? f the gnd potent ial. The 

ode-gnd re gj 0n and retarded in grid anod gnd P ° tentiaJ in cath- 
exchange of energy, when transi r d £ regI0n - Therefore net 
ween electrons and field is zero are negligible, bet- 

this effect is also zero. * H ce In put conductance due to 

What happens t h a Ux ° g r idp q 1 , T 7 " ' ' 1 3ng,e is reIa tiveIy large 
electrons reach the plate^ As a " reverses its phase before the 
accelerated in both cMhode-grid 2“ °I lh j s - are 

tender these conditions there 8 and gnd-anode region 

cnn d i r J >tential source to the electrons tra Th f::r ° f Cnergy from the 

conductance is given by^ p t Pittance and input 


T,„ -k l g m fT > 

G ^ = k,g m pT\ 


...( 13 } 

...( 14 ) 


wncre k x and k 2 are proportionahtv ^ 

proportional to the transit time * Thl ™ ? nd risthe quantity 
increase with the frequency. * 1P ma S n, tudes of Y in andC7,„ 

We now consider the enerov r 
potential. Normally, the electron sh^i^H W ' th res P ect to a.c. plate 
region during the ' regarding phase of a ^ th *. ou £ h ^e grid plate 

energy is transferred by the electron?, u a " ode potent; al so that 
impedance. However at hieh f ° 6 fie,d > ie , to the load 

reverses its phase before the etrtZ ' quenc >' 1 > ac - anode potential 
energy is extracted from a c S r£ ; ach at ./ he anode - Thus 

cycle. This decreases the noiviS potentl , ai during a portion of 
electron transit time decreases put and efficiency. Thus the 
tube and increases input eonrWt >Wer oaiput efficiency of the 

capacity between cathode and^r d^Tlf 3$ WeM aS the 

hamper the tube operation gr d ' ^ he ,ast two ,n tu,n again 

electrodes, on eTno? and P “!hc CO oft“ C " ,nC ! : Considcr two plane 
po'ential difference aonlied ^ otiler acceptor of electrons. Let the 

electron dies from“ne Srode 'It'™ , bc / Th ‘° “ »» 

ctrode to be approached innr 1 / 1 .^ uce< ^ charge on the elec- 

This means that due to the ele^t^ 8 ’* oa p^er decreases, 

changing induced charges nf ronic . cilar £ e flow > instantaneously 
electrodes. These indeed 1 opposit e mature appear on two 
electric current, the duration of If 5 in generating a pulse of 

rime. CaCh from one electrode to the other, i.e , transit 
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Consider that acceptor electrode is at potential E with respect 
to donor at zero. Let the charge be - e passing at a point where 
the potential is V, the work done on it by baitery is eV. The work 

done eV is equivalent to flow of charge by battery given by e 

with the result that the acceptor electrode acquires a posit /e charge 
e The donor plane is left with an image charge +e due to 

emission - <? charge from it ; hence reduction of charge on it is 
e These changes in charges on two electrodes are due to cha- 



nges in induced charge. The 
change in induced charge is 
due to changes in electrostatic 
lines of force due to flow of e. 

The charge starts at the instant 
of emission and finishes at the 
instant of reaching the accep- 
tor electrode, i.e., a current 
pulse flo-vs for this duration 
due to induction effects. 

If now acceptor piane is 
replaced by grid, a mesh work 
of wire, the pulse direction Fig. 29 (a) Charges of lines of 

will change as soon as the fnrce due to passage of charge 

electronic charge has passed between two electrodes and 

it, i.e , a current will flow in appearance of changing indu- 

onediieclion when the elec- ced charges, 

trons are reaching it and in the other direction when receding 
from it. Usual transit time is ot the order of 10" # sec. If the 
time period of the signal applied is greater than 10“ 9 sec , the r.f. 
pulses produced by induction cancel each other. The necessary 
condition is that the potential of the grid should remain constant 
during this time i.e , tor the time of passage of electron from the 

plate. The changes in such 
pulse current are shown gra- 
phically where 7\ and T 2 are 
the transit time trom the ca- 
thode to the grid and grid to 
anode respectively. Total tra- 
nsit time is {T x +Tz). For 
complete cancellation the up- 
per and lower halves should 
be identical. 

For frequencies upto 
10 mc./s. the cancellation is 
almost complete. But above 

these frequencies, the flow of 



t+ t 2 


Fig. 29. (b) 
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dancifsefiousfy! "l®* co XSoTs^Xim’aWy £{£ 17'' 

7 ?^~ & mC ° 2 (^iTz-j-^To 2 ), 

that'' *” iS ,he mU " ,al COnduc,a ” M of the valve. North has showa 


1 

* 0 


gmOJ 2 TS 

Jq approximately 


by electrons approach'inllhegrid V ° ^ ° lt ' The current induced 

r_?K o . , 

i ^ sin <u ( t -.Ti)=g m v 0 sin cu (/-7 2 ), 
tfthe S^^ivdy amP,ifiCati ° n faCt ° r and in *rnal resistance 

current induced in the grid* by 're* edi n g° e 1 e'cTr o n^i s 6 fl ° WS ! ^ 

h—~gmV b sin a> (t—Tj — Tj.), 
negative sign is for reversed current. 

Net grid current is therefore 

nr 7 r \ 1 + I rr 8m [V ° Sin “ {t ~ T ^~ v o sin oi (t-r.-T,)] 

or l 0 =2g m V cos c« [t-(T 1 + ^ Ti ] sin faT,. 

so that e Pr ° TXt 1 Vw[t 1 In ! m r U eVen at - high frequencies ’ 

f 0 ^ m ° w \ r i+tT 2 ).\aj T 2 approximately. 

*0 2 

Vo~ gmCO ( 7 ’i 7 2+i7’ l *) approximately. 

Only icsistive component has been taken into account. 

= input conductance = g m w 2 (7^ + J 7 ; 2 ). 


or 


Thus 


For 


o 

8 m 

I 


SniAjV, (T 1 +T 2 )=lC-° sec (7*, c* T 2 ), 


y — 5 x 10 _12 /2 mhos. 




tanc^s 1 ^ siiffir < ? Ue f t | Cy n 0 i 108 c y cles / sec - the value of input condu- 
tance is sufficiently high and undesirable. 

15 15. POSITIVE GRID OSCILLATOR : 

n i r\ i i 


* - vjiuu WLILLAIUK : 

•a triorl^^^^^ a u^i aUSen Kirrz observed th it when the grid of 
tivp nntontfc iu P os *^ ve potential and the anode is at a nega- 
rirrnif tu ^ rcc l Uenc y oscillations appeared in the external 

the pWfrnsi C ir r c( i ucncy depends on the spacing and potentials of 
cnit iic rri ^e tube and on the constants of the external ctr- 

rvlmHr.Voi i e P° Slt,Ve grid oscillator consists of a parallel plane 
nntentixl /j£ ment tr *°de tube with the grid at a positive d.c. 
figure 30 and ^j Fes P ecl *° lts cathode and plate as shown in the 
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In Barkhausen Kurz oscillator a load is a connected between 
anode and cathode. At high frequencies, the load is m the form 
of short circuited transmission line. Normally.it is represented 




CW&C41 O3C/LIAT/0/V 

/A//i/VOO£ 


Fig. 30. Positive grid oscillator. 
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Fig. 31. 

by an LC circuit. A high tension bypass condenser is also used to 
connect alternating quantities to earth from the grid (not shown in 
the fig.). In the fig. 31, an alternating arrangement is shown in 
which load is connected between grid and other electrodes. 
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Principle : 

field between ca^hod^ancTeril^anH 600 ^ the I e *•* onIy acceleratin S 

ever an electron aonrnsrh^V^ ?“ ode acd S nd - Therefore, when- 

applied potential. The electro^ufh'^ u \ acce,erate<1 b V the d - c - 
in cathode grid region v f h,cfl bas been already accelerated 

decelerated. It comes mr»m terS S n d-plate region where it is 

plate and then starts trav^ir 6 "* 3 * 1 y rest s . omew here near the 

lerated. The electron again f' n “ r ? wards the 8 nd plane and is acce- 

comes at rest near fheV a ^ es de j e era,lon ,n 8 r id cathode region, 
Thus the electrons^ lth °? e and revcrsss its d "ection of trivel. 

grid plane. In the nrec Ues i? oscillate back and forth round the 
induces an al ernarina 61106 oad impedence, the oscillating space 
The resumos ? fc “ rre «.i" the external circuit. 

electrons could ^fsHl{af the J nter 'L ec ^ ode space of the tube The 
it is retarded by this ffe*d°an!| h h 8nd p,ane r in Such a fashion that 

llation. This tranc^ c tU ° e dur,n £ eac h cycle of electron osci- 
at the output r ener ^ y maintains sustained oscillations 

Mechanism of oscillations : 

tion i s* of^ ^ U [ Z osc ' dator > the measured period of oscilla- 

that time of vihrati/? ^ , trans ‘ t P™ 6 and , therefore, it is assumed 
the period nf l< ? n - 0 ^ e * ec t r °n about the grid plane is equal to 
transfer of enprov 6 ^ 3 ■ oscillation (fig. 30;. To understand the 
namelv rositivoh’ dlv,de the alternating potential in two halves, 
and negative tnif 3 f vvhcn anode is positivewith respect tocathode, 
Thus in the nnciti vvh ^ n anode is negative with respect to cathode, 
cathod- and^i ' ve . ba T cycle, the potential d, (Terence between 

crease “the d re^°J? C "Y " Ses the accelerating field st.ength and de- 
tive half cvrle Jie,d stren gth and reverse is the case in nega- 

of Dosifive^ u * * u s a n electron which is emitted at the beginning 

than it loses: in . Cy , C ' e ’ ? ains more eneigy in cathode grid region 

residual en^ anode re £*on. The election is left with :>ame 

dissmates ; tc ® y and t * iere ^ ore this electron strikes the anode and 
dissipates its energy there in the form of heat. 

npoaMu! n le ir tr0n . wb ' cb * s emitted from the cathode at the start of 
Anri t h p r f a C ^ C,e covers t ^ e cathode-grid region in weakend ti-:ld 
cover thp <?f- r vi^ a ) ,nS ^ ess . kinetic ener gy than it* would require to 
fi^lH 'ih^ 1 “P * ate region because there it faces much strengtnen 
whprp n^ e ,[J onsec l ucnce 1S that electron comes at res: some- 

tion nfir!! i C c T ? t ^ lode r ° r a moment and then reverses its di ec- 
,* p „ n f * l *me the polarity of electric field changes, 

electron iq n ec P mes positive with respect lo cathode and so the 

^ ain accelerated by a weakend field and retatded in 
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grid cathode region by a strengthen field. Thus the electron comes 
at rest near the cathode and again starts repeating the process of 
back and fourth journey. It should be noted that after completing 
a cycle of oscillation electron comes at rest nearer and nearer to 
the grid plane, because each time it is accelerated bv a lesser 
amount of potential than its predecessors. Hence the motion o» the 
electron is somewhat analogous to a damped pendulum as shown 
in fig. (30). Finally the vibrating electron strikes the grid wires 
and dissipates its residual kinetic energy in the form of heat. The 
residual kinetic energy corresponds to the potential though it was 
less accelerated and it is very much less than the initial kinetic 
energy gained by the electron from the d c. source. 

It is seen that electron emitted from the cathode at the start 
of negative ha'f cycle faces stronger retarding field than the 
accelerating field in each cycle and hence it delivers energy to 
the external circuit, while the electron which is emitted at the 
start of positive half cycle gair.s energy from the field. But the 
latter electron strikes the plate in its first excursion, hence there 
is net energy delivered to the load by the tormer electron and 
oscillations are sustained. The difference of energy drawn from 
the dx. source and power dissipated in the form of heat both at 
the grid and plate gives us the power generated in the form of 
electrical oscillations. 

When the load is connected in the grid circuit of fig. 31 : 

In this case frequency of the current induced is doubled, i.e. 
transit time of the electron between the grid and cathode or anode 
is equal to half of the period of electrical oscillations. In this case, 
we call the half cycle as positive when the grid is positive with 
respect to grid potential V 0 and negative when the grid is negative 
with respect to grid potential V 0 . In order to consider the main- 
tenance of oscillations in the load, we consider the behaviour of 
electrons in the valve when the potential across the load is alterna- 
ting through half cycles. 

Consider two case of the electron which leaves the cathode at 
the start of a positive half cycle. When the electron moves from 
cathode to grid it experiences the accelerating field which is stronger 
than the average, and hence the electron pisses through the grid 
with more kinetic energy than corresponding to the mean grid po- 
tential. Thus the electron gains more kinetic energy between 
cathode and grid. In the following negative half c>cle, the elec- 
tron travels towards the anod • with a weakened retarding field. 
Due to this weakened retarding field, it loses less kinetic energy 
and therefore strikes the plate, and dissipates its residual kinetic 
energy as heat. 
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at lhe ( V ase , tbe electron which leaves the cathode 

at the otart or a negative half cycle. Between cathode and grid it is 

accelerated by the weakened electric field and thus gains less 

xmaic energy. Now on the following positive half cvcle between 

whole ene P rov U by d stren S th ened field, it thus loses its 

who.e energy acquired between cathode and grid, and therefore 

the 7° S» Ch P atC - , At ihG inStant ' the electron comes to rest, 

| rid Potential starts on the negative half cycle and the 

avel W 7 C r t i mWS l lect L° a back t0 the S rid is weaker than the 

f lS a t?rnatcly accelerafed b y a weakened field, 

and retarded by a strengthened field, and it oscillates about a grid 

[ j n< '_ ‘ a r -l ecre <is!ng amplitude. As the electron does so, it 

nt_ mcls currents m ihc grid circuit which delivers energy to load. 
Finally the electron strikes the grid. 


I he electrons which leave the cathode at the positive half cycle 
pass on.y once through the lube and draws energy from the load, 
. V. e electrons leaving the cathode at a negative half cycle 

V C ’ ! be ® nt a ‘, t ^ r ma ^| n g several vibrations, inducing current in 
.he grid circuit which delivers energy to the load. On an average, 

ie e * ect rons give energy to the load, and so they maintain conti- 
nuous oscillations. 


Analysis. In order to derive the exDressicn for frequency, we 
assume two things : 

(/) space charge density is small, so that it does not affect i he 
electric field distribution in the interelectrode space, 

(*0 distances are measured from the grid. 

The potential difference between grid and plate is 

V— y 0 + V x sin cut. ...( 1 ) 

The motion of an electron in time varying field is given by 
(according to article 1 5- 13) 

K = A + ~V 0 54 c ’ ...(2) 

_ -e V 0 

md * oj 2 * “* 2 


where 


K 


(o>T) 


c^ T 

c K , 


3— cos 6 (wf - sin o>f)-fsin <j> (1— cos cut), 

K is negative in oar present case, because the terminals of battery 
are changed. 

We now assume that the electron completes one half cycle of 
oscilhtion and returns to the grid while the alternating potential 


completes one full cycle, i.e. 
electron oscillation. 



where T, is the lime period of 
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Hence the electron leaves the grid plane x=0 when wT =0 

with an initial vel ocity v 0 and returns to the grid plane when 
ojT= 2k. 

Putting these values in equation, we get 

* (idT ) 2 K ,, r 

K x — "+ -J- {(o> 7 — sin oj 7 ) cos ^+(1 —cos t oT) sin + 

~ K 

at the instant at which the electron returns to the grid plane by 
setting x=0 and 0)7=2-, we obtain 


0 


4 k 2 

T 


+ ^{2n COS ^ + 0} + -^- 


CO 


OJ 


2tt 2 + — 27T COS </t-| — — 

r 0 A CO 


0 


v 


0 


’+£ cos *+*»• 


^0 

OJ 

CO 

CO 



md co 2 

K. 


0 


m dv 0 

Period of election oscillation is 


Vi 

” + 77 cos 0 

TT+jJ COS ^ 

" 0 


• ••( 3 ) 


r _2_ 2 
1 / <a/2n 


47 T 


to 


4nmv„d 


eV. 


y 

T7 + -2 COS $ 
' 0 


( 4 ) 


The above equation shows that period of electron oscillation 
depends upon the initial phase angle <f> (at the grid plane). Since 
tne electrons cross the grid plane at various values of <f>. the period 
ot electron oscillation is different for various electrons and it 
depends upon their initial phase. The period of electron oscillation 
iso depends upon its velocity at the grid plane. The electron 

men vibrates about the grid plane so as to impart energy to the 
°ad, gets its velocity reduced in successive cycle of vibration and 
ence its period of oscillation. Thus every electron gives rise to a 
nation of electron oscillation of varying frequencies The fre 

efTect C s y nr f u leCt I ic ^' osciIlation is determined by the composite 

lccls or all such electrons. r 

dr J he velocity^ in equation ( 4 ) is determined largely by the 
,c * potential ; hence we may assume that y ^ 



•( 5 ) 
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Ar.md 


Then 


T x 


V 


2eV 0 


m 


eV t 


^ 71+ ^ COS 

4nd\/(2m) 


V(eF 0 ) ( n 


, Vj 

+ ~ cos d> 


...( 6 ) 


Now the value of a.c. field is very small in comparison with 
d.c. field, so that the term - l cos <j> is negligible. Thus 


d Ay/(2 m) 

v<y 0 ) V e 


seconds. 


/ 


T _*~d y'(2m)_ d Ay/ (2m) 

1 V(ey 0 )K V( y 0 ) y/e • 

Putting the values of m and e, 

T\= 1 *35 X 10~ 6 — f seconds. 

V ( *o) 

Frequency of electrical oscillation is, 

/= ^ = i5^)“’' 48x 106 c y c * es / sec * 

Wavelength of the electrical oscillation will be 

A= 7 _ l-48 X 10V(F o ) r=202 ° V(Fo) meterS ’ 

where c is the velocity of light. 

For F o =200 volts and d= 2 mm. we find that 
/«sl050 mega cycles. 

When load is connected between plate ?nd cathode, then 


...(7) 


...( 8 ) 




...(9) 


/= 0-74 x 10 5 


VVa 


cycles/sec. 


...( 10 ) 


= 525 mega cycles for above mentioned values. 

The above derivation is based on the assumption that fre- 
quency of electrical oscillations depends only on the geometry and 
electrode potential of the valve. This is known as Barkhausen 
Kurz criterion of oscillation. Later on, Gill and Morell observed 
that oscillat'ons are more pronounced when external circuit is 
resonant than when it is not resonant (other working conditions 
are kept constant). The slight mistuning in external circuit changes 
Gill Morell condition to Barkha.usen-Kurz conditions. The situa- 
tion becomes clear when it is understood that the amplitude o^ 
potential developed across the load is small when load is nonreso- 
nant and it is appreciable when load is resonant. Therefore, ® 
potential developed in the latter case forces the electron vibratio 
in synchronism with natural oscillations of the load and hence pr 
nounced effect under Gill-Morell conditions. 
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Practical aspects in positive grid oscillator : 

(0 analysis it is assumed that there is space-charge near 
the grid and current is temperature limited. But there is space- 
charge due to slowly returning electron towards the grid plane. It 
is the result of experience that the efficiency of the oscillator is 
maximum when the current is at the verge of two limits. 

(ii) Since it is not desirable to have space-charge limited 
current, oxide coated cathode are not used but tungsten filament 
surrounded by grid and anode is used. 

(///) In a cylind rical valve the potential distribution is not 

uniform even when space charge is absent. It is due to the large 

ratio of radii of anode and cathode. This makes transit time of 

an electron Jess in grid cathode region than in the grid-anode 
region. 

(/V) It has been discussed particularly when load is connected 
between grid and other electrodes, that transit times in two regions 
should be equal. But it is not the case due to asymmetrical distri- 
bution of potential above the grid plane. A negative anode equa- 

Uses the two transit times and hence increases the efficiency of the 
oscillator, 

(v) Positive grid oscillators are inefficient because a large 
number of electrons strike the grid plane in their first excursion 
and dissipate their energy in the form of heat. This warrants heavy 
grtds capable of dissipating quantity of heat. 

(v/) Since the period of electrical oscillations is determined 

by potential of high tension supply, a carefully regulated power 
supply is used. 

(v/7) The power output is also due to the fact that most 
electrons do not oscillate in favourable phase, and due to the 
tendency of electrons to shift from a favourable phase to unfavour- 
able phase as they continue to oscillate. 

1516. KLYSTRON OSCILLATOR : 

Several types of tubes have been developed, in which the elec- 
trons are initially accelerated to a high velocity by a d.c field 
before they enter the retarding a.c. field. The electrons then have a 
relatively high velocity as they travel through the a.c. field ; hence 
the electron transit angle is greatly reduced. The double resonator 
klystron and the reflex klystron are examples of such tubes. 

Double Resonator Klystron : 

Figure 32 shows the working part of a klystron. It consists of 
'0 oxide coated cathode, (ii) a control grid, (Hit two metallic 
resonators, and (/v'l collector anode. The resonator nearest to the 
cathode is known as buncher or input resonator and the second 
resonator is the catcher or output resonator. The input si°nal is 
applied to one of the resonators and the amplified signal is obtained 
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from the other. If a portion of the output signal is returned to the 
input, the tube work as an oscillator. 
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(a) Crosssection of a two (b) Two cavity klystron without 

cavity klystron. vacuum envelope. 

Fig . 32 

In klystron, the cathode is a part of an electron gun structure 
for which the accelerating grid, the two resonators, and the collect- 
tor electrode form the anode. Due to an accelerating voltage 
applied to the grid, electrons travel along the axis of the tube, some 
electrons are intercepted by each of the five grids and remaining 
reach the collector electrode. The input gap is analogous to the 
cathode grid space of a triode valve. With the help of flexible 
diaphragms and a tuning mechanism (not shown in figure), the 
resonant frequency is controlled by the adjustment of the gap 
spacing. The collector electrode is given some positive potential 
to collect even slowest electrons that emerge from the cathode 
grids. 

The input signals applied to the input gap cause an electric 
field in this gap which brings a variation or modulation of the 
electron beam. In case of a triode valve, the electronic beam is 
density modulated because when the grid is positive, a dense beam 
of electron flows from cathode to plate while few electrons (or 
none) traverse when the grid is negative. The beam is velocity 
modulated in case of klystron. The principle of velocity modula- 
tion is shown in figure 33 (a). 

Let a signal V 1 sin a >t be applied between the two grids— grid 
2 and grid 3 denoted asG 2 and G 3 and grid system is at a high 
positive potential. For the first half cycle 'for which 
positive with respect to G u the electrons emerge from the grid 
system with an increased velocity i.e. accelerated, while for the 
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Fig. 33. (a) Principle nf velocity Fig. 33 (b) 

modulation. 

next half cycle of the signal, the electrons are decelerated. The 
electric field ia the input gap affects only the velocity of the elec- 
trons and thus they are velocity modulated. 

The advantage of velocity modulation is that the electrons are 
accelerated before they reach in the input gap and due to this fact 
the transit time is very short even though the gap has the appre- 
ciable width. The disadvantage of velocity modu lation is that it 
cannot deliver pulses of current to the tuned circuit at its resonant 
frequency, i.e. it is not usable for production of output power. 
The difficulty is removed with the help of field free drift space! 
where the velocity modulated beam is converted into density 
modulated beam. 

In the field free space between buncher and catcher grids the 
high ve'ocity electrons overtake the low velocity electrons which 
left the buncher grids at an earlier phase. The results in a bun- 
ching of the electrons as they drift towards the catcher resonator. 
The bunching process is shown by the Applegate diagram of 
fig- 34. The figure shows the electron displacement as a function 

of time for electrons leaving the buncher at different phases of 
buncher voltage. 

Each line in the diagram has a slope proportional to the velo- 
city of the electron whose progress it represents. At the bottom 
the parallel lines represent electrons arriving at the buncher with 
a velocity t? 0 . The electrons emerge from the buncher with velocities 
greater cr less than according to the direction of the electro- 
static field between the grids, and the lines representing them 
become more or less steep. Where any two lines intersect two 
electrons come together; the electrons are therefore bunched in 
the neighbourhood of the line representing centre of catcher reso- 
nator. In order to induce the maximum current in the output 
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Fig. 34. Diagram representing electron hunching. 

cavity of klystron, the output cavity should be placed in a region 
where maximum bunching takes place. 

When the bunch of the electrons passes through the output 
cavity, it induces a.c. which flows through the external circuit of 
the grid from C 4 to C B . This induced current ini'iates the oscil- 
lations in the cavity at its natural frequency. For the first half 
cyc'e, the field between grids G t and G 5 is retarding as G 4 is posi- 
tive with respect to G 5 and therefore the field takes kinetic energy 
from the bunch and converts it into the electri; energy. For the 
next half cycle, the field is accelerating as grid G 0 is positive with 
respect to G t and therefore the field transfers energy from resonator 
to the electrons. If the natural frequency of the resonator is equal 
to the frequency of bunching process then the density of electrons 
between grids G t and G h will be minimum for maximum accelera- 
ting field and maximum for decelerating field. The net result is 
that the net power is delivered to the output cavity. Tne electrons 
emerge from the catcher grids with reduced velocity and final > 
terminate at the collector. Thus a small signal applied across the 
buncher resonator is amplified and system works as a klystron 
amplifier. If a part of this energy is fed back from catcher to 
buncher through a coaxial line and no input signal is applied 
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[shown in fig. 33 ( b )], the system works as an oscillator and sus- 
tained oscilla tions are produced. 

The reason for maintaining small transit time for both input 
and output gaps of klystron is as follows : The appreciable input 
gap transit time reduces the amount of velocity modulation pro- 
duced by a given r.f. voltage at the gap while the appreciable out- 
put transit time reduces the power delivered to the resonator by a 
given beam current. 

Phase Relationships : 

Maximum bunching takes place when the electrons of un- 
changed velocity catches the electron of least velocity and the elec- 
tron of unchanged velocity is in turn caught up by the electron of 
fastest velocity. Thus the centre of the bunch centres round the 
electron of unchanged velocity. This electrons leaves the buncher 
system at the time when bunching voltage is zero, i.e. changing 
from deceleration to acceleration. If we ignore, for the moment, 
the phase shift introduced by the drift space, then bunching leads 
by an angle j>/2, the bunching process. The phase lag introduced 
in the drift space is (vS,'v Q and bunching lags the bunching voltage 

by the amount 

/ C oS TT \ 

l^ _ 2~ )■ 

When bunch of electrons goes to the catcher grids C, which is 
positive with respect to G 5 , its positive sense is taken the same as 
that of catcher voltage. It means negative maximum of catcher 
voltage coincides with maximum of bunching. Thus catcher voltage 
Jags bunching by n. The whole of the situation is shown in the 

hg. (35). 



F'g 35. Phase relationships between bunching voltare, bunching and 

ca'cher voltag’. 
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Now if klystron is working as an oscillator, a phase <f> is intro- 
duced by the feed back cable. Hence the total phase lag at the 
Input of the klystron becomes 







For regeneration, the total phase lag introduced should be an 
integral multiple of 2n, i e. feed back should be in phase with the 
input. Now the feed back cable is so designed as to make 4> either 
equal to zero or an integral multiple of 2n. Hence total phase lag 
is written as 



or 

with 


x = 2nn — 
a 10 ^ 


Analysis : The analysis of the klystron is based on the follow- 
ibg simplifying assumptions : 

( a ) Space charge effects are ignored. 

( b ) The alternating voltage between buncher gilds is assumed 
to be small in comparison with d.c. accelerating voltage. 


(c) The electron transit angles through the buncher and 
catcher grids are assumed to be negligible. 

(</) All the electrons which leave the cathode are assumed to 
pass through the catcher grids. 

(e) The electron beam is assumed to have uniform density in 
the cross-section of the beam. 


bb<ck Cablt. 



Fig 36. Working parts of Klystron. 

Assume that the electrons leave the cathode with ze ™. 

They are accelerated to an initial velocity v 0 by the • c ' F - ty 
they enter the buncher grids. The kinetic energy an 
of the electrons entering the buncher is given by 
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\mvJ=eV Q , 



2eV 0 \ 


) 


m /' ...(1) 

Suppose the two grids of the buncher resonator are at the 
potential V 0 and V Q -\-V l sin cot respectively with respect to cathode 
and consider an electron that passes through the buncher grid at 
the instant t x . 

After emerging from the buncher grids, the velocity of the 
electron is given by 

\rnv i 2 =e (F 0 +F, sin wM, 


®i 



2e f , V 1 

- F 0 | 1 + ^ sin ait 


V , 





r V 0 num ' )■ ...( 2 ) 

The expression shows that the velocities of electrons after 
buncher grids are sinusoidal, the frequency and phase being the 
same as that of bunching voltage. 

The time T required for the electron to travel the distance 5 in 
the field free space between buncher and catcher grid is 

^ S 5 

T - - ~ y- r • (3) 


( 


Using the number alternating voltage as the time reference, 
the electron arrives at the catcher grids at time / 2 =r A +r. The 
corresponding phase angle is given by 

cot 2 — CO (ti + T). 

S 

COfo = 0>/i -j- CO* ; r 

2 11 1 V y . \U2 


’’°{ 1+ K si 


SID Cl)/ 2 


i uiS f i Vj . \ 

“ 1+ ^'l + F u s,n ) 


( 

- 1/2 


— co 1 1-4- 


CoS/yH 

U 2T 


1 Vi . 

sm cot 


OJ to — ( Ot \-\- 



y 1 V X . 

i ~~Yv sin <JJt 



where 


a 


coS 


...( 4 ) 


V. 


This equation shows that an electron started from the buncher 
at a phase angle c ot 1 will come at the catcher at a phase angle c at . 

Power output and efficiency : To determine an expression for 
power output and efficiency, we assume that the buncher and 
catcher voltages are in time phase and, therefore, the catcher vol- 
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tage will be represented by V 2 sin ajt. During an electron’s 

th k ckctnn 

transfer from .t'elXto ,be fieM?"" **** 

W = — eV 2 sin cut„, 

^—~ eV i s > !1 |^/ x +a ^ I sin oj/ 1 ^ 

cycled?" between TT tH f b “" ch " « rids durin 8 > complete 

‘W£ ^r™’,“'s? r ed n , d o avcrage 


rj/ 1 (to! l — 2 k 

» or .. raf# __.J H'rfccuo 


-j-a ( I 


Pi 


jp- Sin aifj Jj. </(«/,) ...(2) 
= ~eF 2 /j(x) sin a, ...(3) 


eF. f=» . 

= ~ 2 ~\ S,n 

Jo 

Solving the integral, we have W av(raga 

where x = ~ q and /,(x) is Bessel’s function of first kind and first 
order. 

he elinei’f* US CO !]u id .f r the P ovver relationship. Let N electrons 
by the cathode is * V . . 


L=Ne. 


.. (4j 


■ • (5) 


Power output — NeV* J x ( x ) sin a 

. A(x) sin a. 

Power supplied bj by d c. potential source is 

n = / 0 K 0 . 

Hence efficiency P ower outpu* V, 

y 1 Power supplied _ V 3 J ‘ (X) s,n a ’ ” W 

- , ^ ra P^ Plotted between different values of x as a function 
or Jff*) is of the torm shown in fig. 7. 



Fig. 37. Graph between x and J } (x). 

Requirements of maximum output and maxjmum efficiency : 
From equation (6\ we write for maximum efficiency that 

y 

(0 ^e value of ~ should be maximum, 

V 0 

(ih f (x) should be maximum. For x=r8J, J\ (x) = 058, 
and is its maximum value 
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(Hi) sina= — i , i.e , a.=2nn — r.l2, where n in any positive 
integer, and 

(iv) for power output 7 0 and V 2 should be maximum. 

For sustained oscillations sin a— — 1 and hence 


Power output = / 0 K, J x (x) 

y 

Efficiency — ~ J x (x). 

'o 

V 

If -j==l, the maximum theoretical efficiercy would be 58%. 
^ [) 

It should be remembered that power required for bunching of 
electrons is negligible. This is justified when transit angle of the 
electron is zero. 


Further the criterion a. — 2r.n — rc/2 is always satisfied 

ioS 


It yields 


0 
y f>0 


or 


t 

or S 

2rV n 


— 2r/7T — t /2 


= (277/1 - 7t/2) 


m 


or 


o> 2 S 2 


v - m - ~ 

u 2e{2mt—nl2f 


0-284 x 10- 


“l 


ojS 


2nn — tn/2 ) ) ...(7) 

The equation shows that there are multiplicity of values of d.c. 
accelerating potential which will yield maximum power output, 
one for each integral values of n. The n=l corresponds to highest 
value of d.c. accelerating potential and this is the reason that n is 
never kept equal to one. In other words it means that time of 
flight of electron through the drift space is generally more than 
one period of oscillations. 


Now 


x= 


2V 0 ' 


J i (X; is maximum when x=T84, hei.ce 


...( 8 ) 


! ' 84 =~ (2/J77-JT/2) 

o 

v x 368 

V 0 ~2nn-7f/2 • 



For each value of n, there is an optimum value of V^|V 0 which 
gives maximum power output. It is also clear from equation (7) 
and equation (9) that as n increases both V„ and the ratio K,/K u 
aecrease. The results are justified on the grounds that when n is 
*gh K 0 is small and i>„ is also small and consequently electron 
axes large time in travelling the drift space and therefore reouired 
less bunching voltage. 
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takes I Dlale S flf°r«trh Perati0n il is raaintaincd that electron bunching 

nown in ng. (34) by several maxima and minima r— i -Rd mr 
responds to single bunching and debunching r ' 

Double resonator klystron in practice • 

aSSrnSs?? 5 ss-ws 

orlentation^onoop^at^thVfeed ba^c 

done by adjusting the field. * M The correct P hasln 8 

wait w y ?vera f r n hundrer er ,? Utput ° f the order of a fraction of 
thousand naegacydes The Z ?.,? of the order of 

klystron is much below i(s iheorefical ^fflcie n n%f 58 "/ U | ble itTs S duem 

° f ''“‘fO" 5 - collisions of 
resonators S "" Cher and ca,ch ' r ">«»’ and losses in 


The frequency stability 
of temperature of resonators 
resonator walls are metallic, 
is quite large. This makes’ 
The thermal expansion in 
expansion of resonator walls 
fully regulated power supply 
oscillations. 


of electrical oscillations is a function 
and stability of supply voltage. As the 
their thermal coefficient of expansion 
the frequency of oscillations unstable, 
tuning mechanism is counteractedjby 
by prop ;r choice of material. Care- 
are used to stabilise the frequency of 


1517. THE REFLEX KLYSTRON : 

acts bof h 'as him^f ^ r ^ ex klystron in which a single resonator 

Dassine through th^ a ' ld c f tc ^ er .- After leaving the cathode and 

called ffie refwJ^ 6 r< L S °i! a u 0r gnds « { he electrons approach a plate 

the cathode The !•’ k as a negative potential with respect to 

the resonator e e . ctrode is ordinarily concave towards 

„1 ctr h ^ there is a focussing effect which directs the 

betv^een refo^t° Ward ^ the . centre of the resonator grid. The gap 
of the klystron t0r gnd ^ the reflector ele ctrode is the drift space 

veloHfJ nf rni° n i at< ^ r ma ^ es a transient oscillation, it modulates the 

fast eleetrrmc e ectrons as 'they cross its grid for the first time. The 

slow onec nnri^ enetrate i dr .'ft s P ace more deeply than do the 

’ spend a longer time in it. Therefore they may return 
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itef lector EUcTrode. 


Qesonator grids 


Output 
Coupling Loop 


Evacuated 

Resonator 


Control 

Etectrode. 

Cathode 



Fig. 38. Reflex klystron. 

to the resonator girds at the same time as slow electrons which left 
the grids at a later instant than the faster ones. When this 
happens, bunches appear at the grids. 

The type of bunching in reflex klystron is shown as reflector 
bunching. The Applegate diagram, illustrating the bunching action 
in reflex klystron, is shown in the figure 39. The space-time 



Centra of bunch 

Electro*? Leaves Resonator 

at this instant 


Centrt of bunch 

Electron returns to 

Resonator at this ingSsnt 


Fig. 39. Distanco-time diagram of reflex klystron oscillator. 
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curve for each electron is a 
parabola. On their return 
journey, the electron bunches 
pass between the alternating 
field between the resonator 
grids during its retarding 
phase and thus energy is 
transferred from the electrons 
to the resonator alternating 
fie;d. Oscillations may usually 
be obtained by merely 
adjusting the accelerating 
and reflector voltage. * 

frequency may be varied 
readily by changing the 
spacing between the grids of 
mechanism. 


/=o 



Vo 

I 


Vo+Vj Sinvt u 

I Yc 




Vfe 



H 


4- 




Fig. 40 Diagram for the analysis of 

the reflex klystron , 

the resonator by means of suitable 


techanism in double resonator klys 


Comparison between the i 
tron and reflex klystron : 

distance bin ^ . r ^^5 >nator klystron all electrons travel same 
centre of tho h.. s P ace and therefore for bunching process 

it ctnncrpc ncl1 * Ies at the zero of the bunching voltage when 

the electron e m ^ re u ar ? t,0n to accele ration. In reflex klystron, 
snare nnrl th penetrate deep into the reflecting 

hnnrhf™ th . at t ! s . wh y the centre of bunch lies at the zero of the 
t j on ® P° entia l when it changes from acceleration to decelera- 


2. In reflex klystron bunched electrons iiavel through the 
resonator grids in opposite direction to the direction of travel of 
bunched electrons in double resonator klystron. Therefore there is 

phase difference of n between the resonator voltage of the reflex 

klystron and catcher voltage of double resonator klystron at the 
time when energy is extracted from the electron. 

3. In double resonator klystron bunching takes place in field 
free space and it is known as drift space bunching. In reflex klystron 
bunching takes place in the space in which field exists and it is 
known as reflector bunching. 

4. The reflex kly stron uses single resonator and therefore 
tuning mechanism and other adjustments are very sin pie. 

Analysis of the reflex klystron : The analysis of reflex klystron 

is based on the same assumptions as adooted for the double reso- 
nator klystron. 

Fig. 40 shows the potentials of various electrodes to the reflex 
Klystron while oscillating. The cathode is at zero potential and 
t ^ ^ ^ ^ W V L si i cut is assumed to exist between the 
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grids. The potentials of grid (1) and grid (2) with respect to 
cathode assumed to be V 0 and (F 0 + V x sin w/) respectively. 

Referring to the figure, we find that the electron enter grid (1) 
with a velocity 

\m» <?—eV 0 

f 2eV 0 

v 0 = 



in 


- ( 1 ) 


and on the second grid. 


\mv^=e {V 0 + V i s ‘ n 

Vi 


V( 1 + Kl S,n 


...( 2 ) 


Potential difference between grid (2) and reflector electrode 

= — (Ko+ Kj sin a >t). 

Hence we assume that V x sin ait is small in comparison to V 0 
and hence neglected ; then 

potential difference = V R - V 0 , 


electrical intensity E— ^ 0 


...(3) 


Force experienced by an electron at a distance X from the 

second grid 

„ d 2 X 

eE=m j,* 

From equations (3) and (4), 


..■(4) 


db* S 

d -£=^ s ( v «- v »)- 


..-(5) 


Integrating, we get 


dX_e_ 
dt ~ mS 


<V R -V 0 ) t+c v 


Applying the boundary conditions, i.e., on grid (2), electron 
leaves with velocity v : , when t—ti, 

C 1 = r, l -~(V R -V 0 ) (M 


then 


dX 

dt ~~mS 
Integrating again, 

X 

when 76=0, t 


mS 


(V R V 0 ) ( t t x ) 4-r,. 


... ( 6 ) 


or 


0 = 

C. 


II 

s 

1 

-n, 

— 1 \' 


1 

£ 

HI 

It 

l ^ 

£ 

1 

& — ^1^1- 







688 


Hand Book of Electronics 


- 2 -+-. 


...(7) 


tor eStrnrS* ~ “ dec . eIe ™ ted , as !t approaches the negative reflec- 
ards the r^n^r rSe V dl1 ectlon of tra vel, and starts back tow- 
the e ertrnn ^ 1 gnds -- Let h re P resent f he return arrival time of 

by sS7u«i n ^,:"^Z , k eq o'; atl0n (7,f0r tht instant of “rival 

-tiY 

I" V 1 (h~h) 


°=£s (^-n) - 


2 


V] 


/ 


mS 

2mSvi 


(V R -V 0 ) 


2 


t 


e (V R -K o) 

2mSv 0 / y . 

5^)1 l + " Sln 


1/2 


e( V R -V 0 ) \ 1T ^ Sltl ) -W 

, phase angle of the departure of the electron, with respect 

a* r; vo ^ a S e » ,s wt i and the phase angle of the arrival is a>t 2 . 
Multiplying equation (8) by w , 


o)t 2 =ojt 


2mSiov n 



, , v x . 

1 + rr sin cot 
o 


1/2 


cot 




where 


a 


^ S i0 ut 

__ 2mScov 0 
e (V^ V 0 ) 



...(9) 


W 


Power output and efficiency : The energy transferred by the 
electron is 

— eV x sin cot 2 
eV 1 sin j^oj/^-f-a ^ I 

— eV i J 1 (*') sin a', 


sin cot. 



where 


Gt Vi 

2y l » J\( x ') represents the Bessel function 


Suppose IV electrons are emitted from the cathode per sec., so 
that the direct current from the cathode will be 


I 0 =Ne. 

Power output= — NeV^J^ (*') sin a' 

=■ —hV (x ) sin a'. 

Power supplied bv d c. potential source P n — T 0 v o- 

power output V, r , , x . , 

Pn — =~ y h (x) sin a . 


.. (10) 


Efficiency 7j — 


-( 11 ) 


■ * 

Referring now to the fig. '39). a' is the phase angle between 
zetoofthe alternating potential (when potential is changing from 

the acceleration to retardation) and positive peak of the resonator 
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voltage. Fig. (38) gives a value 2 nn — \n for a', where n is any 

positive integer. It means that 

-2mS<or t _ « 

e ( V,- KJ 2 

V„ {Inn-ln) 2 e 


or 


(Kfl— K 0 ) %mS'a> 2 ..(12) 

Thus corresponding to different values of it, tiere are several 

values of — — - which produce oscillations. The smallest 

value of n correspon 's to highest value of reflecting voltage. For 
a.'=2rrn-\K, the expressions for power output and efficiency may 

be written as 


power output = 
efficiency = 


2 VJpX'Jy i.O 

2Ttn — \,n 

2x0/) 

2tM -\it' 


• • (13) 

...(14) 


The above equations show that as n decreases both power-out- 
put and efficiency increase. But trie stability of the oscillator under 
variable load conditions become poor for small values of n. If a 
large value of n is used, the frequency of the oscillator is changed 
by large amount for small change in Vr. It is found that frr stable 
performance the value of n between 1 to 5 is preferred, with n = 3 
most advantageous 

The efficiency is maximum when the product x'J x (x') is maxi- 
mum. The conditions for maximum efficiency and maximum power 
output cannot be simultaneusly satisfied because output voltage is 
also a bunching voltage and maximum bunching voltage produces 
broad bunches and there by reduces the efficiency. Therefore, a 
compromise is made between the power output and efficiency. 

The maximum theoretical efficiency of reflex klys ron lies 
between 20 to 30 percent Though it has low efficiency yet it has 
the advantages of having 

(0 single resonator, 

(//> simplicity and adjustment, and 

(Hi) compactness. 

15 18. MAGNETRON: 

Valves in which the electrons move in a magnetic field, as well 
as in the electric field between the anode and cathode, are 
called magnetrons. Usually the electric and magnet ; c fields are 
perpendicular, and the arrangement is km wn as plane magnetron. 
Cylindrical structures are commonly emp loyed. A cylindrical 
magnetron consists of a cylindrical anode a J ong the axis of which 
is located the filament. 

A high d.c. potential is applied between cathode and anode, 
setting up a radial electric field. An axial magnetic field is provided 
by either permanent magnet or an electromagnet. 
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(b) Weak field, 
(d) StrODg field 


{a) No magnetic field 
(c) Critical field, 

41. Effect of magnetic-field on electron motion, 

, en no ma gn et ic field is applied, the electrons will travel from 
L\ e to ano< ?^ in rac lial lines. With a weak magnetic field, the 

\ e !i? nS i are su ^J ec f e< i to a deflecting force acting at right angles 
o to the magnetic field and to the direction of motion of the 
e ectrons at any instant and since a moving electron is just like a 
current carrying conductor, a deflecting force, which is at right 
angles to the direction of movement of the electron must produce 
circular motion. For this reason electrons travel in circular arc 
between the anode and cathode, the radius of curvature of which 
decreases with the increase in magnetic field strength. For a given 
value of d.c anode potential, there is a critical value of magnetic 
field strength which causes the electrons to just, graze the anode. 
This value of magnetic field 
strength is known as the cut-off 
value. If the magnetic field 
strength exceeds the cut off value, 
the curvature of the electron path 
issuch that the electrons miss the 

anode and spiral back to the 
cathode. 

If we plot a graph between 
anode current and strength of 
magnetic field, it is of the shape 
shown in figure 4i ( e ). The 

Fig 4 (e). Cut-off characteristics* 
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anode current experiences as sharp cut-OiT as the ciritia! value of 
magnetic field is reached. 

Mathematical theory of cylindrical magnetron ( critical value of 
magnetic field) : Let the radius of cylindrical anode he r„, and r* 
be radius of catnode Further r k < r a 

Tf F is the electrostatic force ard f is magnetic force on the 
electron ejected from the surface of the cathode, then 

F— - eE, 

where E is the intensity of electric field and is given by 

__d_V_ 

dr 
dV 


and 


dr 

f=Bev, 




where v is the velocity of the electron and B is the magnetic flux. 

If the velocity v is resolved into 
components v r and t>, along and per- 
pendicular to the radius vector r, then 
the components of / will be 

f r = Bev $y 
fi = Bev r . 

Let a) be the angular velocity and 
the radius vector r makes angle 0 with 
an arbitrary line in the azimulthal plane, 
so that 

dd 

sr dt ' 
becomes 

Fig. 42. Illustrating the theory 


. 

— — since v e 
dt r 

The equation of motion 

a(" a W- 



...( 1 ) 


of cylindrical margetron. 


Equation of motion in the azimuthal plane is obtained by 
equating the moment of the impressed lorce to the rate of changs 
of angular momentum, i.e. 

r d , . 

rft = c t 


or 


tSe iri, 


Integrating, we get 


Ber dr - = \ d (mr 2 oi). 


Be 
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To find the value of C, we note that to 
electron leaves cathode, whenr— />. 

Ben 2 


0 at the moment the 


C 


Be 

2 


(r*-r,e) 


mr 2 uj, 


r k 


Be 

W ~2 ...( 2 ) 

If we ignore the small velocities with which the electrons leave 
the cathode, then the velocity v of an electron, at a point where 
the potential is F, is given by 

bnv 2 = eV, 

-m. 

When the current is just cut off, the electron is grazing the 
anode, and we have 

-V a , 

-jm 

r a 


V 

V r 

V, 


So 


to 




..-( 3 ) 


If B c be cut off value (critical value) of magnetic field, then 



..( 4 ) 


\ “ / 

Equation (4) shows that the value of B ( is independent of the 
potential distribution so that the presence of any other electrode or 
of space charge between the cathode and anode should not effect 
the cut off conditions. 

Magnetron as a high frequency oscillator : Usually two types 
of magnetrons, depending upon construction, are used : 

(/) Split anode magnetron. 

(ii) Cavity magnetron. 

We shall discuss the operation of both these t\pes of magne- 
trons in brief as follows : 

(A) Split anode magnetron : In this type of magnetron the 
anode is split in two segments, each being at the same positive 
potential E b with respect to cathode. Across these two anodes, 
an oscillatory circuit is connected as shown in fig 43. By means ol 

centre tap at the oscillatory coil, high tension E bb is applied to 
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both the segments. As the the radius r k of cathode is small com- 
pared to r a , the anode radius, the electrostatic field rises steeply 
just beyond the cathode surface and then becomes almost constant 
over the remaining distance to the anode. The electrons flow from 
filament to the anode under the combined effect of electrostatic 
and magnetic fields. The magnetic flux density has about twice 



Fig. 43. Split anode magnetron circuit. 

the critical value. The existence of a transient potential difference 
across the tank circuit will raise the potential of one anode seg- 
ment and lower that of the other by equal amounts. The resuiting 
distortion is shown by the continuous curved lines in space between 
anode segments in figure 44 (a) and 44 (b). It appears that the 
space between the electrodes is divided into two regions, of high 
and low potentials, and that the high-potential region invades the 
space within the low potential anode. 

In figure 44 (a) the path of an electron, leaving the cathode 
on high potential side is shown. The electron travels in cuived 
path which carries it out of that region. On entering low poten- 
tial region, electron travels more slowly and its path has a smaller 



hig. 44. (a) Electrons leaving cathode Fig 44. (b) Electron leaving cathode 

on high potential side. on low-potential side. 
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radius. Thus when it returns to high potential region and the 
radius of its path increases again, its penetration becomes smaller. 
The combined effect of magnetic and electrostatic fields on elec- 
tron, in its each revolution, is to deflect it from high potential to 

low potential region and thus ultimately it strikes the low poten- 
tial segment of the anode. 

The behaviour of an electron leaving the cathode on the low 
potential side is shown in fig. 44 (b). The electron after swinging 
round into both potential regions ultimately strikes the low poten- 
tial anode segment. Thus we conclude that when the flux density 
in a magnetron is greater than cut off value, and a potential differ- 
ence is applied between the anode segments, an electron current 
flows to the segment at the lower potential. 

With a change in the polarity of the transient potential, the 
upper segment will become of lower potential and now the elec 
trons will strike the upper segment. Each anode thus delivers 
energy to the tank circuit during alternate half cycles in the same 
manner as happens in push-pull arrangement If we plot volt- 
ampere ' haracterisf ic of .->uch a valve, we find that in the vicinity 
of eui-oft the characteristic gives a negative slope similar to 
dynatron. The property of its static characteristic can be utilized 
to produce oscillations in the tuned circuit. 

There are three popular modes of operation of the split anode 
magneiron as described below : 

(i) Negative resistance or Oynatron mode : Near the cut-off 
point, the volt-ampere characteristic gives a negative slope just as 
in the case of dynatron and therefore it is operated at this point. 
The tank circuit governs the frequency of such oscillation. The 
negative resistance of the valve in the dynatron region is a property 
of its static characteristic and is therefore independent of the fre- 
quency at which it is used. 

At very high frequencies, the time taken by an electron to 
cross the space between the electrodes connected to the oscillatory 

circuit is comparable with the period of oscillation. Under this 

condition the dynatron action fails and the ratio of electron transit 
time r to the oeriod of oscillation T is the factor which determines 
the efficiency of the oscillator. For a ratio equal to or greater than 
than 0 - 20, oscillation ceases. 

Magnetron is more efficient than a secondary emission dyna- 
tron because current flows in pulses to each segment having a low 
potential. 

(ii) Transit Time Mode : A magnetron can maintain oscil- 
lations above us dynatron limits provided the external circuit is 
tuned to frequency which depends upon the size and working con- 
ditions of the valve. Oscillations take place when magnetic flux 
density is slightly greater than its critical value and the measured 
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wavelengths suggest that the period of oscillation is equal to the 
time taken by an electron to go from the cathode, towards the 
anode, and back to the cathode- For tne calculation of this time, 
we assume that both segments of the anode are at the same poten- 
tial The electrons are then accelerated over very short dis- 
tance by intense electrostatic field just outside the filament; beyond 
this distance the speed of electrons may be taken as constant and 
having a magnitude 



The paths of electron are therefore circles of radius 

tn 

r= eB 

and their period of revolution is 

2 T.r 2r.m 
T— v ~ e B 

Now we imagine the existence of a transient oscillation in the 
tuned circuit and the segments A, and A , as positive and negative 
according to instantaneous polarity of the tank circuit (ignoring 
the steady anode potential Ei, component). Then an electron cro- 
ssing gap g between the segments will be accelerated if segment A 2 
is positive and retarded if A ^ is positive, If the electron is accel.- 
rated at the gap the radius of its path increases and it strikes the 
segment A,, while, on the other hand, if the electron is retarded the 
radius of its path decreases and it fails to reach the either segment. 

An electron which is accelerated by the field across the gap 

induces a current which takes energy from the tank circuit and 

"when strikes with positive segment it dissipates its kinetic energy 
as heat. 

An electron which is retarded at the gap loses kinetic energy 
and induces current which delivers energy to the tank circuit. As 
a result of losing kinetic energy, it fails to reach the cathode on 
its return journey and it turns towards the anode once more. If 
when the electron approaches the gap ‘g’ again, the tank circuit 
has oscillated through one cycle, then the electron is again retarded 
at the gap, and the whole proocess is repeated. Thus in successive 
cycles, the electron loses its kinetic energy and approaches anode 
less closely and finally it comes to rest somewhere between anode 
and cathode. Since it would now start to move towards the more 
positive segment and damp the oscillations of tank circuit, there- 
fore this electron must be removed from the space between the 

electrodes. 

The external circuit gains more energy from electrons which 
are retarded at the gap, than it loses to electrons which are acct'le- 
rated at the gap. The valve can therefore maintain oscillations in 
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the tuned circuit connected across its anode segments. The energy 
of oscillations comes from the high tension supply’ through the 
kinetic energy of retarding electrons. 


(i'i) Resonance Mode : The transition from dynatron to 
transit time oscillation occurs over a frequency range in which the 

period of oscillation is several times the electron’s time of revolu- 
tion. If the magnetic flux density is made greater than the value 
in the dynatron mode, powerful oscillations can be maintained 
within this frequency range. The frequency of these oscillations 
depends upon flux density B and mean anode potential E b and 
their wavelength obey the empirical relation 


A oc 



The mechanism for maintaining the oscillations is that the 
half period of oscillation should be an integral multiple of the time 
of revolution of an electron in the valve. The action is similar to 
that in the dynatron mode. 


Resonance oscillations have been assigned to depend upon the 
production of a foim of negative resistance in which the electrons 
may have made several spiral orbits within the valve, being 
deflected in the same direction bv successive anode segments before 
eventually striking on an anode segment at a low instantaneous 
potential. If any such process is occurring, it can be easily under- 
stood that the frequency of stiongly sustained oscillation is ultima- 
tely connected with the period of oscillation of a single electron. 

The required condition for the sustained oscillations in the 
resonance mode is that electron should complete whole number of 
orbits between successive gaps during an interval of time corres- 
ponding to only half the periodic time of the generated oscillation. 

(B) Cavity Magnetrons : All magnetrons possess in 
common a cathode, an anode and an output coupling device. 


CoufilLTltJ LOCp 

fox drauitnq 
ouffrut 

K 


Anode Coo 3* 

Anode 
Pole 

Cathode 



Interaction 

v 5 pQC€ 


45. Holo and slot type multicavity magnetron. 
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They may also hive tuning system, mode suppressors and end 
plates. The multicavity magnetron exists in various forms, e. g. y 
hole and slot type, slot type, vane type, rising sun type. The 
structural form of cavity magnetron hole and slot type) is shown 
in figure 45. This consists of cylindrical cathode surrounded by 
an anode structure that possesses cavities opening into the cathode 
anode or interaction space by means of slots. Output power is 
withdrawn by means of a coupling, loop. The multicavity magne- 
trons are put in metallic house. Glass is used at the points where 
high voltage leads come out of the enclosure. 

Resonant Properties of Multicavity Magnetron : The anode 
cavities, together with spaces at the top and the bottom, of the 

anode block constitute the reso- 
nant system of the osciliator. 

There is a capacity across each 
gap in parallel with the induc- 
tance formed by the inner surface 
of the circular hole. The anode- 
cathode arrangement of figure 45 
is expected to have the equivalent 
circuit shewn in figure 16. The 
capacity C 2 represents the capa- 
city between a pole face and the 
cathode. The capacity C l repre- 
sents the capacity between two 

adjacent pole faces. The induc- 
tance L x is the inductance of the 

inner surface of circuit hole. The above equivalent circuit is poor 
as we have ignored the large mutual inductance between adjacent 
anode spaces. Let the circuit be developed by upwrapring the 
structure to give the arrangement as in figure 47. This is seen to 
be a low pass filter. Such type of filter will have a pass band in 
which the attenuation is substantially zero and in which there is a 
phase shift per section which increases uniformly from zero at 
zero frequency to ~ radians per section at cut-off. The standing 
waves will exist in the circular arrangement when the total phase 



L 


Fig. 46. Approximate equivalent 


circuit of fig. 45. 



Fie. 47. Developed form of the equivalent circuit of the magnetron. 
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wave.nf n i,f!, secti °, ns j S any integral multiple of 2*. The two 
form or» A ^ amplitude and travelling in opposite directions will 
rn actual resonant field. This happen when. 

O 2/771 

P ~N~' 

number r *PJ esent;S Phase shift per section in radians, n is mode 

cathode »nH A/ nUmber of c y cles a travelling wave around the 
Wh, d xn-P re l cntS number of pole faces, 
shift npr ” • ’ ,h j. va,ue of P is 7f which means that phase 

This morle n ra ^ ,ans and the field reverses at adjacent gap, 

Vlae " CaV " y magne,r0 " *“"*«» “ d ' S 

evfllnTt'Jri P hase fanct 'on of the circuit of figure 47 can be 
has the form yin ® ^ arn Ph e H’ s formula. In this passband this 

cos S=I4 --£l 

+ 2Z ? ’ 

where Z^total series impedance per section, 

Z, = total shunt impedance per section. 

Li/Ci 


In this case 


Z I = 


j(X)L y -\- “ 


1 


JO) Ci 


which reduces to 


Zi 


jcoL x 


where oj 1 is the angular resonant frequency of the parallel L X C X 

in magnitude. 


combination eoual to 


i he shunt impedance is given by 

Z 2 = ~ 

jwC 2 


Putting the value of Z 1 and Z 2 in the expression for cos (5, *ve 


have 


cos p = l — 


which gives 


CO 


CO 


^co ; C 2 2 /cu i 2 C 1 

1 — to 2 /to 2 

1 


I 


c 2 


2C, ! 1 


\ 2rtn 


I ‘“ COS ' N 


I 


+ 1 


where to is now the angular resonant frequency corresponding to a 
given value of n and N. 

The resonant frequencies for the assumed circuit win have the 
form as shown in fig. 48. 

The figure shows that the frequency of the tt mode is not very 
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different from the next resonant frequency. The situation is un- 
suitable when frequency separation is small. 


For a precise analysis tne mutual inductance between adjacent 
slots should be accounted. 



Fig. 48, Resonant frequencies Fig. 49 Representation of ring 


of the circuit of fig. 47. strapping. 

In order to overcome the situation of low frequency separation, 
a method of “strapping” is employed. In this arrangement two 
rings are run around the pole tips. Each ring is connected to alter- 
nate pole tips, one ring being connected to all the odd-numbered 
pole tips, and the other to all even numbered pole-tips. In the 71 - 
mode of resonance, alternate poles are 180° out of time phase with 
each other. As a result, the straps will be 180° degrees out of phase 
with each other, and thus the capacity between the straps will be 
added in parallel with the capacity C, in the equivalent circuit. 
Ihis lowers the resonant frequency of the v mode. Because of sym- 
metry and phasing no current will flow in straps at the resonant 
frequency of the x mode. For other modes, the phase shift between 
adjacent poles is not 180 degrees, and so current will flow in the 
straps, the effect of which is to put more inductance in parallel 
with the inductances and thus rises the frequency of the adjacent 
resonances of slots. Both the capacity and inductances thus com- 
bine to increase the frequency separation between the irmode reso- 
nance frequency and the adjacent frequency. 

Control of resonant frequency of the anode system : One way 
of controlling the resonant frequency of the anode system is io 
couple a tunable high Q resonant cavity to one of the anode 
cavities. Thus a sufficient reactance is coupled into the magnetron 
cavity system which modifies the resonant frequency by a moderate 

amount* 

Another way consists in employing a ‘C ring’ as shown in 
ugure 50. This adds capacitance between the straps of a ring 
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strapped magnetron and thereby lowers the resonant frequency of 
the v mode by an amount depending upon position of C ring. 


Tuninq Rirxqs 



Cathode 

Fig. 50. C ring arrangement. 


Mechanism by which the oscillations are generated : The nature 
of the held associated with the cavities is such that the alternating 
magnetic flux lines pass through the cavities parallel to the cathode 
axis, while alternating electric fields are confined largely to the 
slots and the interaction space region where the cavities open, and 
lie in planes perpendicular to the axis of the cathode. 

To understand the mechanism by which electrons impart 
energy to the r. f. fields in the cavities, we assume in the first ins- 
tant that there is no r. f. field present and there exists an axial 
magnetic field of intensity B (directed into the page) and an electric 
field of intensity E (directed radially outward). Under above men- 
tioned conditions the electron moving in clockwise direction is 
acted upon by following forces : 


(/) a centrifugal force equal to 


mv 


where v is linear tangen- 


tial velocity of the electron in its circular path, r is -radius of the 
path in which it revolves and m is the mass of the electron. 


(if) a radial outward force equal to eE, where e is the electro- 
nic charge. 

(/if) a third rce equal to Bev directed radially inward and 
arises as the moving electron constitutes a current. 

It is evident that third force opposes the first two forces. If 
magnetic field intensity B is chosen such that an electron revolves un- 
disturbed round the cathode for a given intensity of electric field ano 
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linear velocity, then we have 

re«~eE+”*‘, 

waich is a condition of balance of radial forces. 


...(I) 


Now we assume the anode cavities are excited by some r.f. 
source and this produces an instantaneous r. f. field distribution in 
the interacti on space between cathode and anode. Let at any time 
electron arrives at point beneath the anode gap when r. f. field is at 
its peak value and in the direction of electron velocity. The conse- 
quency of this situation is that electron imparts energy to the radio 
frequency field, and if now velocity of electron and frequency of 
r.f field are co-ordinated, the electron will impact energy to the 
cavity while passing through each successive gap. Thus a circling 
electron continually gives energy to the field. 


It appears at the first sight that synchronism between electron 
velocity and field cannot be retain ed because at each successive gap 
electron loses energy and lessens its velocity. But it is not true 
because as the electrons are slowed down, the radial inward force 
decreases and this permits the electric field to force the electrons 
towards the anode. In this procrss they regain their lost velocity 

and rotate in orbits of larger radius essentially with their initial 

velocity Eventually the electron strikes the anode and is removed 
from the intera ction space. Thus an electron in the interaction 
space is regarded as a means of transfering energy from direct field 
r.f. field. It should be noted that in normal magnetron opera- 
tion, no external source of excitation is required because any r.f. 
disturbance suffices to give rise to oscillations in cav ties. 


In the above idealised operation ot magnetron, we assumed 
that electrons initially circle the cathode with correct angular velo- 
city and phase to be retarded by r.f. field. But in actual practice 
the electrons are emitted from cathode with zero initial velocity, 
hurt her there are many electrons to take energy from the field as 

these are to impart energy to the field. Thus, on the average, 
electrons will impart no energy to the field if their motion is not 

modified. 


It has been discussed that in the absence of r.f. field and in the 
presence of magnetic field which is very well above cut-off value 
the electron describes an epicycloidal path. But in the presence of 
f-t. field, electron does not describe an epicycloidal path because it 
is under an additional force of r.f. field. Tne total effect of r f 
neld is to bunch the electrons into groups. The number of groups 
pepends upon the mode of oscillations and number of cavities used 

nJm°? e structure of magnetron. In an eight cavitv magnetron 
osculating in n mode, the electrons are bunched in four groups and 
rotate round the cathode with uniform velocity. Thus the 
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combined effect of magnetic field, direct electrostatic field and r.f. 
icld is to produce a spoke-like arrangement revolving round the 
cathode. Tne situation is shown in fig. 51 ( a ). 





( b ) Cathode 


Fig. 51. Formation of bunches and phase focussing effect in 

magnetron. 


To understand the formation of bunching we recall that there 
are some electrons with leave the cathode at the times and positions 
that they face an accelerating r. f. field and there is equal good 
number of electrons which leave the cathode at the times and posi- 
tions that they face a retarding field. The accelerating electrons 
extract energy from the field ana thereby gain speed. The gain in 
speed results in an increase in the magnetic field force which forces 
them back towards the cathode. Thus such electrons are removed 
from the interaction space after small radial excursion and no more 
energy is extracted from the field. The decelerating electrons impart 
energy to the field and loses velocity. The loss in velocity results 
in the decrease of" magnetic field force and electrostatic field find 
opportunity to urge them towards anode. The process makes the 
electrons move m orbits of larger radius and compensate (he loss 
of velocity. Thus the synchronism between velocity of electrons 
and r.f. field is maintained. As the electrons leave the interaction 
space at the anode after few cycles, other electrons enter into the 
space and thus bunching is preserved. 


* 

It is seen that electrons that find themselves in accelerating 
field are quickly removed from the interaction space and extract 
energy from the field for very short lime, while those which face 
decelerating field remain for a long time in the space and transfer 
energy to field. This lesser amount of energy is extracted from 
the r.f. field, then the energy transferred to r.f field from diicct 
field by electrons and oscillations are sustained. The electronic 
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if 

tD 


®miderabte velS i" ?r e ' Charge c,oud ilrite <=a.l>c,de »•■!> 
pated in *,£' ■£ °° S 9 1 h ^. re,u : n The energy is dissi- 

Drev^nt r? heat. Therefore, care is always taken lO 

Prevent damage to the cathode through overheating. 

revolv^rnimn'V' 8 7 [ f 1 b e s P°^ e i'ke arrangement of electrons 
h™e„abTs the bnneL Sy f hr0 " ism wi,h r ' r field i" a phase 

aSSSSOSSP^ * 

?. f. field is eff f Ct t of axial m ^netic field, direct field and 

the d riSS r fiel5V hC P01 h T iS aCted U P° n b * ^cc that opposes 

electron at W fin? and there u D 'y y duces its velocity Thus the 

Kl^-t 1 f ° ra feM forceTTncreasing hereby 

•his way l b y „ S „ 0 ch a is , pr™e k rve'd h ' S eleC ‘ r0n agai ” “ S ' ep wi,h v - In 

The performance of magnetron depends upon : 

(o) strength of magnetic field. 

(£) anode voltage, and 
( c ) load impedance. 

vari ° UtpUt P™" efficienc y and frequency are affected bv the 
& ‘ u inese quantities. The performance is usually 

a nce as afuVrr e ‘? 5‘ cke diagrara which de P icls the perform- 

oscillations is qu,te sensitive to changes in load impedance 

15 19. TRAVELLING WAVE TUBE : 

eler-fIy he - traVeIling wave tube is an amplifier in which a beam of 

Due to^ S Pf0JeCted ax ' al, y throu Sh a section of waveguide 
nent o f eke ! n ? fidd 0 n f b e ‘ w e e n thc elec ' ro ' ls and the axial compo- 

me s Vh r a “P. lifi ^ ation of very high frequencies,’ sich as 4000 
Sc 52. ' thC USC " ‘ frecp,encies of about 4090 mc/sis shown in 

Pote^iafoV.tfn an |t electro , n gun , operating at a direct accelerating 
collected 1 "hv thfc t n r ° t Ugh 3 iong ’ loose| y wound helix, and is 

cted by the collector at anode potential. To prevent the beam 
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Fig. 52. Schematic diagram of :he travelling wave amplifier. 

from spreading and to guide it through the centre of helix, an axial 
magnetic focussing field, as shown in figure, is used. Electrons that 
move parallel to the magnetic field are not affected while those 
having a component of motion across the field experience a torque 
which tends to force them to move in the direction of magnetic 
field. The signal to be amplified is impressed upon the helix at the 
input end of the tube and takes the form of a wave travelling along 
the helix. The interaction of the electron stream and travelling 
wave results is an amplification of the signal as it progresses along 
the helix. The amplified signal is removed from the output of the 
tube. The helix exhibits the property that the waves tends to follow, 
with the velocity of light, the wire with which it is wound The 
waves produce a longitudinal component of the electric field on the 
axis of the helix, propagated axially with reduced velocity. Thus 
the helix may be considered as a waveguide in which slow waves 
are propagated. If the length of wire in helix is n times as 
long as the helix, the velocity of travelling wave is approximately 
v=c/n, where c is the velocity of light. The electrons enter t e 
helix with a velocity slightly greater than that of the trav J:! 

wave and tend to become bunched as they travel the helix. I 
electrons which are retarded by a.c. field of travelling wave s o 
down, while those accelerated by a c. field speed up and ° ver 
the slower one. Thus electron bunching takes place, blow 
energy transfer takes place from electrons to travelling wave 

thereby building up the amplitude of the waves. _ , ra (rmt 

wave tube can also serve as an oscillator if a portion o t e v 
is fed back into the input. The tube may oscillate if reflec lor \ 
to impedance mismatch occur at the output coupling ca 
backward travelling wave which carries energy back to e P t 

In order to prevent oscillation generated in a travelling 
tube, it is necessary to prevent internal feedback an g - na | Si 
reflections due to slight impedance mismatch at the e n a cra tc- 
This is done by introducing an attenuator at some pla° e m 
ly near the input end of the tube. 
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Mechanism of operation : As the electrons are continuously 
injected into the field some of them are accelerated, while other 
are decelerated, When the tube is operated under appropriate con- 
ditions more electrons are decelerated than have been accelerated 
and hence net energy is delivered to the wave. The mechanism of 
energy conversion by which electrons deliver energy to the signal 
can by under-stood from figure 53. 



O/STAA/CE AA ong HEUX > 

INPUT ENO OUTPUT 



(iij RESULTANT WAVES ON EEL IX 



QH) ELECTRON DISTRIBUTION 


Fig. 53. Showing the electron bunch in a travelling wave. 

Consider a group of electrons near the input end in the vicinity 
* of e as shown in figure 53 (//'/') a. Let the initial electric held be 
zero at this point and is negative towards the output end. Tne elec- 
tron located exactly at e is unaffected by the signal of the helix as 
there is no axial electric field. However, electron e" just right to e 
encounters a decelerated field. This electron slows down and tends 
to be overtaken by the electron e. In a similar way, the electron e' 
just to left of e encounters positive axial field. This electron is 
accelerated and tends to catch up the electron e. The electrons 
centred about e are thus velocity modulated 

When the velocity modulated electrons have travelled some 
J distance, they begin to bunch about as shown in fig. 53 (Hi) b. 
The bunch of electrons centred on e produces a second wave on 
the helix which produces an axial electric field. This field lags the 
solid curve of fig. 53 (/) by a quarter wavelength as shown in 
fig 53 (/) b. Now the field along the helix axis is the resultant of 
the two waves on the helix. This is shown in figure 53 (//). It is 
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fi r gUre 53 , (//) b that the resultant field is located a 

thin ,hl rH of a wavelength closer to the gun end of the tube 

of th, JnV 0,1 H Curve 0f fisure 5 W b because the negative maximum 
Th? Ill ^ UCed Wa r e u °PP° s,te to centre of the electron bunch. 
Thl ! r ° nS ’I t,ie bunch therefore, encounter a retarding field. 

h.Vn^h ° nS thuS d . ellver ener §y to wave on the helix. The 
o in S continues because the electron e is no longer at the zero 
Oi the resultant wave on the hejix. 


show^h! 1 ^^ 1 ' 0115 l? V f l further aIon 8 the helix, the situation 
comnlpt/ci ^ j llan 8 es to c - Now the bunching is more 

sh5r P if th d h f lnduced wave g row s in amplitude. The phase 
inrreacpri f resu * tan * wave relative to the electron bunch is also 

ti ,be induce< ^ wave in this case is larger. Each ele- 

i™ l!*® bUnch now encou nters a stronger retarding field A 
H f w r an increasin S amount of energy is thereby delivered by the 

ft* u ? c .^ t P wave on the helix, which is now much larger 
than the original signal. 


w 1 }l 0 * l0n ^ ie individual electrons has been studied by 

e er. He showed that when the bunches have been formed the 
electrons in the bunches do not simply coast with the wave but they 
oscillate longitudinally within the beam. The equations expressing 
the oscillatory motion of the electrons relative to a point within the 
beam moving with the initial velocity of the beam are of the same 
orm as those for the motion of a pendulum. Unless the initial 

velocity of an electron exceeds a critical value, the oscillation takes 

place. If the initial velocity of an electron exceeds a critical value 
corresponding t_> injection angle (time in the cycle, expressed lift 
radians, at which the electron is injected) its average velocity is not 
reduced to that of the wave but it continues to advance relative to 
the wave. Such electrons deliver energy to the wave while passing 
through the regions where they are retarded by the electric field of 
the wave but reabsorb energy where they are accelerated. The 
electrons deliver energy to the wave only when they leave the field 
at the instant when their velocity is lower than the initial velocity 

Coupling of beam and slow-wave structure : 

Now we consider that how the electron beam waves interact 
with the travelling electromagnetic wave on an adjacent slow wave 
guiding structure and produce amplification of the wave guide 
waves. The amplification can be shown by a relatively simple 
model in which coupling is introduced between the wave system of 
the beam and the travelling waves on the slow wave circuit. The 
coupling is provided by the displacement current induced between 
the charge concentrations travelling on the beam and the wave 
guiding structure. The assumed situation is shown in figure 54. 
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Fig. 54. Slow-wave structure and coupled beam. 

The electron beam current / flows adjacent to a lossless 
transmission system in which the waveguide current and voltage 
are I and V, respectively. Let the transmission system has impe- 
dance Z=;T and admittance Y=jB per unit length In the absence 
of the beam, the waveguide current and voltage would be related 
by transmission line equations : 

d v — — IZ dz ...(1) 

dl= — VY dz. ...(2) 

These equations represent a transmission line upon which 
waves travel with the propagation constant j$ 1 ^(ZY) y2 . Due to 
the presence of electron beam, the transmission line equations are 
modified. Let an additional current be introduced in dl. This 

current increment is set equal to the beam current wnich flows into 

di 

the beam length dz and therefore is di—^-. dz. Thus it is assum- 


dz ' 

ed that di flows as a Maxwellian displacement current 
beam to the slow wave circuit. The transmission line 
now become 

dV=- IZdz 
dl= — VYdz - di. 

-jp in these equations, we have 

j? v= - iz 

-j?I= ~ VY+jpi. 

Combining equations (5) and (6) and 
we obtain 

(P 2 ~P, 8 ) V=j(iZi. 

The value of i is given by the relation 


Replacing d/dz by 


and 


from the 
equations 

...f 3) 


...(5) 

( 6 ) 

replacing ZY by — ^ 2 , 

...(7) 


i = 




x 


D. 


Pr 0 (P-Po) 2 -?,,’ • ...(8) 

where r 0 =radius of cylindrical surface in which the electron beam 

is enclosed, 

3 = propagation constant, 

A- = radial component of electric displacement. 
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Pj > 2 =<V/V, 

plasma frequency of space charge of 
t; 0 = rnean velocity. 

Substituting the value of / from equation 
we have 


mean density p 0 , 
(8), in equation 



(£2_gi2) y_ 2/VZ _ D r izr* 

TVi f ♦ _ . • r ° ' -.(°) 

r J P® tact ° r ^ ' S fo times the radial component of electric held 
r, e surface of the beam. We know that wave guide voltage 

^k r0p0rt ' 0Da ^ 1 t° transverse field, we assume that D r is related 

lion (9) ^ s constant proportionality. We, therefore, write equa- 


p 2 -^ 


(P-Po) 2 -P„ 2 - 


where 


AV 


2tofi p 2 x e„ E r 


ttT 


...(10) 

- -0 -*.( 11 ) 

n equation (11), the negative sign is introduced on ad hoc 
basis and we have used Z=jX. 

For convenience, the various phase constants are termed as 

4 « v 


P, 


V 


phase constant of average beam velocity 


vf — Phase constant of plasma frequency. 


Pi propagation constant of slow waveguide alone. 

The equation (10) may be written in the form 

(P+l W-Pi) [(P-Po)’-P P 2 ]=-A. ...(12) 

Equation (12) is fourth order in P It has four roots corres- 
ponding to four travelling waves in this system. Since is smaller 
than p 0 , hence there are three forward travelling wave solutions 
and one backward travelling wave which corresponds to the solu- 
tion (B-f Pi). Here we are interested only in the interaction between 
forward travelling waves and space charge waves on the beam and 
hence the backward wave is of little interest. Replacing (P + Pi) by 
2 Pj in equation (12), we have 

0*-Pi)(P 2 T 2p P 0 +P o 2 -Pv 3 ) =- A/ 2Pi. ...(13) 

A particular solution of equation (13) will be considered when 
Pi 2 == Po 2 — £p 2 . We can write equation (13) as 

(P — Pi) 3 =— 2 p approximately since PqSP*. •••(14) 

In solving equation (14), we consider the propagation constant /? 
as complex and include the complex roots of right hand side. 



...( 15 ) 
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. Let M/2Pi) v, =6, then the three roots of equation (15) can be 

written as 


The three 
functions 


[cos 77/3 +j sin n/3], 

P = Pi + b [cos n+j sin tt], 

0 = Pi + b [cos (5n/3)+j sin (5 ti/3)]. 

forward travelling wave solution have the 


...(16) 

...(17) 

...(18) 

wave 


exp [~j (Pi + 0'5 b)] z.exp [-0-866 b ] z, ...( 19 ) 

ex P \—j (Pi — ^»)1 z, ’"(20) 

exp [-j (Pi+0-5 £)] z.exp ( + 0-866 b) z. •• (21) 

The second wave, equation (2l) is an unattenuated wave 
Which travels slightly faster than the characteristic of slow wave 
structure. The other two waves move slight slowly than the vaves 

e wave is attenua- 
ted exponentially as it travels, while equation (21) shows that the 

wave grows exponentially as it travels. 


The results derived above show the essential characteristic of 
travelling wave tube operation. By coupling the two wave systems 
the slow waveguide, having two oppositely travelling waves at a 
given frequency, and the electron beam, with its pair of oppositely 

travelling space charge wave, we have a system of four possible 
wave motions characteristic of the system as a whole Of the 
forward travelling waves, one is growing wave, it transfers the 
original kinetic energy of the beam to the electromagnetic fields in 
the tube. This results in the travelling wave amplification 

Variation of gain with beam voltage : The phase velocity v of 

the growing and attenuated waves is given approximately by the 


__ V . 

W_ lfC/2- ...(22) 

where v 0 is initial velocity of the electrons and C is related to the 
characteristic impedance Z„ of the helix, the beam current / and 
the beam accelerating voltage V a . The value of- C is given by 

4V 0 ' ...(23) 

. The P^se velocity of constant-amplitude wave is given 
ximately by relation glVen a PP ro ' 



v, 

1 -C 


The backward wave has constant amplitude and 
the phase velocity given approximately by the relation 



moves with 



l-C*/4 • 
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As the typical values of C are *02 or less, the phase velocity 
of growing and attenuated forward waves is one percent or less 
lower than the initial velocity of the electrons. Similarly the cons- 
tant amplitude forward wave is two percent or less higher than the 
electron velocity. On the other hand, the phase velocity of back- 
ward wave is slightly higher than the electron velocity. The three 
forward waves have equal amplitude at the input end of the helix 
but if the tube is sufficiently long the amplitudes of attenuated and 
constant amplitude waves are negligible in comparison to the 
growing wave at output end. 

Figure 55 shows a curve of gain versus beam accelerating 
voltage for a typical tube. The maximum gain and output are ob- 
tained when the beam accelerating voltage is adjusted in such a 



Fig. 55. Variation of gain with beam voltage 

way that the initial velocity of the electrons is equal to the phase 
velocity of propagation in the absence of electron beam. It is clear 
from the figure that the gain is maximum when the beam accele- 
rating voltage is 1430 volis. The gain, in decibels, of a tube that 
is sufficiently long so that the grownig wave predominates at the 
output end of the helix is given by 

G=— 9-544-47-3 CN, 

where N is the length of the helix in wavelength As the gain 
varies directly with the parameter C, this is known as gain para- 
meter. 


Under small signal operation, the power output of a travelling 
wave tube is given by the relation 

P=CV a fa. -( 27 ) 

Variation of small signal gain with wavelength : The small 
signal gain of 6 to 8 cm. tube is shown in fig. 56. 

The gain decreases at longer wavelengths. This decrease is due 
to the following two facts : 

(i) the phase velocity in the helix increases with increasing 

wavelength, and, 
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(ii) due to the deterioration of the matching of the helix to 
the waveguide. 



iMueL £\‘ew w Cm . — 

Fig. 56 Small signal giin of the tube. 

Band width : The travelling wave tube is inherently a non- 
resonant device. Due to this fact, it can be made to have band- 
widths that are enormous compared with those obtainable from 
amplifiers involving resonant circuits. The amplification chara- 
cteristic of a typical helix travelling wave tube is shown in fig. 57. 
From the figure it is observed that the amplification is nearly 
constant from 20< 0 to 4000 mc/s. 



f r/?£Qt/£/VCY /c. Me. 5*- 

Fig. 57. Amphfica'ion of a travelling wave tube as a function 

Of frequency. 

The gain of a travelling wave tube varies with frequency. The 
reason of this variation is due to the following four factors : 

(i) variation in the velocity of the electric field along the axis 
of the tube, 

(ii) variation of length of the tube in wavelengths, 

(iii) variation in the strength of the axial electric field as a 
function of frequency, 
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(iv) failure to match the terminal impedance of the tube accu- 
rately at all frequencies. 

• 7, he / orm °f. travelling wave tube is particularly 
suitable for achieving wideband operation. Over a wide frequency 

range, the velocity ot axial field produced by the helix is substan- 
tially independent of frequency. 

15-20. BACKWARD-WAVE OSCILLATOR (CARCINOTRON) : 

The backward wave oscillator is shown in figure 58. The body 

of the tube consists of a folded transmission line. Alternately the 

body may be regarded as a waveguide operating in the TE JOy mode 

such that a wave travelling along the line winds itself back and 

forth, and in the process produces an axial component of electric 

field. An electron beam is directed along the axis through holes in 

the structure. When the electron beam has a suitable velocity, the 

interaction between the backward wave, i.e. a wave travelling from 

right to left and electron beam takes place. Now the average 

energy is delivered to the wave by electron beam. The collector 

end of the line is terminated with a matched load impedance for 

the purpose ot absorbing any power that might be reflected at the 

out-put i.e , at the gun end as a result of an impedance mismatch 
at that point. 



Fig. 58. Backward wave oscillator. 


Mechanism of operation : In order to consider the mechanism 
of operation, we have to consider the interaction between the 
backward wave and electron steam. Here we assume that there is 
a backward wave in the structure. Let us first of all consider the 
situation existing at gap a, where the electrons enter from cathode 
side at a uniform rate. The electrons are subjected to an alternating 
axial field that varies with time. The electrons experience velocity 
modulation. A bunch of electrons is now formed about the refe- 
rence electron that passes through the gap a when the alternating 
field is zero. Let the reference electron passes through the gap b 
from gap a after a time T c . The delay corresponds loN c = T 0 f 
cycles, where /is the frequency. The field at a lags N^T„f 
cycles, behind at the field b. Here T„ is time taken by the wave to 
travel from the gap b to gap a. Thus when the electron crosses the 
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gap b the field it encounters is JV 6 +JV„ cycle behind the phase of 
the field it encounters at a. The geometry of folded line is such that 
if the electrons are given a velocity such that is just less 

than a half cycle, then the field that the reference electron encoun- 
ters at gap b will be as shown in the figure 59 ( b ). The field at b 
will vary with time as shown in figure ?9 (d). In figure 59 (d), AT 
is the time such that ATx/^Nais the fraction of a cycle which 
JV a 4 N u fails to be exactly half cycle. If N e +N w is exactly half 
cycle JVj— 0 and the electrons passing through b are further velo- 
city modulated. 
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Fig. 59. Relationship of fields and electrons in the folded line back- 

ward wave tube. 

The situation is repeated again and again as the electrons cen- 
tred about the reference electron pass one gap after another. Thus 
as the electrons travel toward the collector, the interaction with the 
backward wave on the folded line causes them gradually to group 
together in bunches. If the electron velocity is so chosen that at 
the collector end the total phase advance is approximately half 
cycle, the electron bunches encounter relatively strong decelerating 
fields as they cross the gaps. The fields slow down the electrons 
and cause energy to be delivered to the backward wave. Since the 
electron beam conveys r.f. current from the output of the tube back 
to the input corresponds to the feed back path in the equivalent 
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greater than 100%. 6 equiva,ent amplifier may be much 

gene^osciXtfor^ 1 ^ 1 ? 8 '' We have shown lhat in order to 
that Nj—nATf annrnv* 6 e e . ctron ve locity must have a value such 

is lesf tlfaif a^balf cycle by M^Verme A ' S ° 

N ° + N„ + N a = T e /+ T w f+ N a = O' ■ 5 


N 


0*5 


Hence 




0'5 [1 — (!//,)! 

T 0 + T w 


T C9 T w and f are defined earlier. 

nearWconstL^?™'" 6 ^ by S eometr y of the tube and so is 
backward wave t,,h any ^, lven tu ^ e - The frequency generated by the 
bv the velocity of eh J? 1US f controlled by the transit time T e , i.e. 
tion of anode^vnlts tr ° r n st £f am - Hence the frequency is a func- 
has the uninL nr« ge \ H * h, . s wa y> the backward wave oscillator 
200 mc/s hnve ^ h ^ ert ^ 0 ^ e,n S Vo hage tuned. Frequencies below 
2 ft. Ion? Fr*nn ” °b tained from experimental tubes less than 
in structures tW^ 165 ^ 8 ® re f, t 0S ^ C0 >°00 mc/s have been achieved 
out undue difficulty? physically lar S e enough to be fabricated with- 

15 21. ELECTRON WAVE TUBE : 

struck irl* ia CSS *?!fu y a travellin g wav e tube in which the guiding 

avoi ed between input and output as shown in fig. 60. 
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Electron wave tube two beam type. 
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In this tube, there are two different electron guns i.e> two elec- 
tronic beams are produced. These beams are accelerated through 
different direct accelerating potentials Va x and V a% . The average 
velocities of the individual electrons in the beams are different. 
The two beams are mixed together to form a single beam in which 
average electron velocities aie inhomogeneous. This beam is 
subjected to an alternating accelerating potential in a manner 
similar to that in a klystron The inhomogeneous beam is passed 
through a short helix that is excited by r.f. energy supplied from 
a generator connected to the input terminals. The axial compo- 
nent of r.f. electric field in the helix causes the electrons in the 
homogeneous beam to have an alternating component of velocity 
that is superimposed upon their average velocities. The inter- 
action between electrons that have different velocities takes place 
in the drift space which results in the production of bunches. The 
bunches travel through the drift space towards the output end. 
In the drift space the density of charge continually increases as 
the bunch travels. At the output, the energy is extracted from 
the beam by passing it through a suitable output structure such 
as short section of helix as shown in the figure. The tube exhibits 
considerable power gain due *o mu ual interaction of electrons 
having different velocities The defocusing of the beam as a 
result of space charge effects is prevented by a focussing solenoid 
that provides an axial magnetic field along the drift space. 

EXPERIMENT 

To verify the conditions for oscillations of a Hartley circuit 
and to determine the dielectric constant at various frequencies. 


T* - 

I * 
* ' 

9 





J- - 


Hartley Oscillator 


Procedure : Move the tapping key on the inductor P till the 
plate ammeter shows a distinct dip. The circuit is now oscillatory. 


716 


Hand Book of Electronics 


■ Calibration of tank condensei C, : For different settincs of 

bv r no b t e ne°th denSer of osci|lator ’ determine the frequency generated 
by noting the resonance m the wavemeter. Draw a graph between 
dial reading on the condenser and frequency P 



Capacity 

Frequency 

of C x at 

on wave- 

100 V 

meter 

100 

1*89 me 

2C 0 

• • • 

300 

• • • 

400 

• • • 

500 

• • • 

600 

9J0kc/s. 


Calibration of C, in terms of frequency graph (/). 
moved ) hv A ^!n!, ,m '”'. , " r Ma ’‘ imu ™ Oscillations : The point P is 

end! whUe the V T V m " 0 "”!?"* 8 al<M,g the 00,1 towards the ® rid 

.T.V.M. reading is noted for each position of P , 


No. of turns 

V.T.V.M. Reading 

Dial reading of C = 

Dail reading of C x = 


500 fXjxF 

100 fifiF 

1 


1 

I 

2 



3 


— ' 



| 

5 



6 



7 

j 


8 

_ 


9 



10 



11 

. 


12 



1 

) 



t irvn q i e ViT° r a va * ue °f Ci- The V.T.V.M reading is propor- 
f H*rr° f oscillatory current in the coil. The test is repeated 

Hr*, 1 er 5 nt ues to Ci. The results are tabulated, and curves are 

. n ° , v °l ta ge to a base of no. of turns on the coil from the 
anode end as shown in the figure. 
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C 

c 

€ 


120 


100 


V- 


6 Q 


4o 


50 


o/Vi 


Jo 10 20 ^ 30 

-Vo o/ f^rris /ro/7? Aftodi v 

Showing dependence on positions of tapping point. 

It is clear from the graph that the tapping position for maxi- 
mum oscillatory current moves towards the grid end of the coil as 
the value of C x increases. 

(iii) Calibration of variable condenser C 2 at R.F. : Adjust C\ 


a particular value, say 400 /x/xF 
Connect C 2 in parallel as shown in 
the figure and set it at the lower 
value. Adjust the wavemeter to in- 
dicate resonance and note the fre- 
quency. Vary C 2 for different dial 
readings and note the corresponding 
frequencies. Using graph (i) find 

°ut the total value of C 1 and C 2 
Wl th respect to these frequencies 
and by subtracting C\ from this 
value, obtain the value of C 2 . Draw 
a graph between dial reading and 
capacity of C 2 . The graph so obtai- 
ned is known as calibration curve 
for Co. 


350 
C • 300 
5; 250 
£.200 


150 


100 


o 


Y 

jo 20 40 60 60 

Viol redding] orC t ' 

C 1 =400 /t/xF. 


too 




. fi V) . Dielectric constant at R F. ; Set C l at a particular value 
dna tind out the capacitance of the known plate condenser with 
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fhe value j r °| Cee , d WUh ° ther fre quencies by varying C l and find 

the value of d.electnc constant using the following formula : 

C=K e.s.u. 


=K 


4 nt 
A 


yjfTf x 10~ 12 in practical units, 


cd'Th- C ? n ^enser, A is dielectric constant, A is area 


’.city of 

fi/iF 

Frequency 

by wave- 
meter 

C e - f-capacitv 
! of C x in wF 
from 

Graph (/) 

\ 

Capacity of 
C x in \ifrF 

1 

IPO 

200 

300 

400 

1*56 m.c. i 
1-34 „ 

- # 

: I 

205 

300 

Z i 

105 

100 

= 

^ ^ *— 

— 

— 


Dielectric 

Constant 


3-89655 



NUMERICAL EXAMPLES 

— m t/L tUfU ’^ an °de oscillator employs a valve with p~ 30 , 

r r>-— W KSl, and a tuned circuit, comprising a coil of Q factor of 

~ ’ ? ca P^ c itftnce of 350 pF and a resonant frequency of 50 kc’s. 

<.a culate (i) the value of minimum mutual inductance between grid 
and plate coil, and (ri) frequency of oscillations. 

a) r L 1 


2 


R 


R ' tOrCR 


1 


Now R 


1 


CO t CQ 


; and L 


m T CQ 


03 

CO 

1 


2x3‘4x50x 10'Xi'OX 1J- 12 X 4r5 

= 200 ohms. 

QR 45 - 5 x 200 


Agaih 




oj 2x 314x 50 x J0‘ 

PRC 


29 mli. 


m 


where g m 


30 

]0 4 


• • 


or 


30^ 

10 * 

30.1/ 

M = 


p\i — L' - r p 

_ _30 x 200 x 350 x 1 0~ 12 
30 x A/— 29 x 1 0 -3 
= 200 x 350 x 10->2 X 10 4 -f 29 x 10 _s 
200 x 350 x 10 _s + 29 x 10" 3 

30 
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7xl0-« + 22x IO- 3 


30 


0-7+29 


x 10-* 


30 

4 

= 0 99 wH. 

(ii) The frequency / is given by 

/= I fl + i? - N1/2 

1 2«V(LC)V r, 

1 

= 2irVl29x 10"*+350 x 10 

=50*4 kc's. 


-12 


) 


1 + 


200 

10 4 


1/2 


2. A tuned anode oscillator has anode circuit resonant frequency 
of 400x1 O' 3 radianslsec. and inductance L = 40 millihenry. Fre- 
quency of oscillation is ‘05 per cent above the resonant frequency of 
the tuned circuit. The electron tube used has dynamical plate resis- 
tance r p =30,000 ohms and amplification factor y— 30. Calculate the 
minimum value of mutual inductance V/ between grid and plate coils 
necessary for sustained oscillations. Assume the effect of inter- 
electrode capacitances to be negligible. 

o> 0 =400x 10 s radians/sec 
fc>=0’05 percent above the resonant frequency. 

Angular frequency of oscillations is given by 



or 1+-^=^ = 1-0005. 

2r„ to 

— =2 {1-0005-1} 

9 = 0 - 001 . 

Hence 7?=0001 x 3,000=30/2. 
Mutual conductance 


8m 


rp 


30 


30,000 


10~ 3 mho. 


Tuning capacitance 


C 


1 


1 


We also know that g m 


<o*L (4x 10 5 )*x40x 10~* 

156 2 xlO" 18 Farad. 

liRC 


10-* 


[k\A — L' 

30x30x156-2x10 -m 
30x M— 40 x l0~ a 

40x30x156-2x10 

10 -* 


30d/=40 x 10~* + 


-12 
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30M— 40x 10 -3 -f-0*]405 x 10~ 3 , 

30A/=40‘ 1405 X l0~ 3 

40-1405 XlO" 3 
M= 30 

= 1*338 x lO^ 3 H. 

3, In a vacuum tube oscillator using a tuned anode circuit 
minimum mutual inductance between grid coil and the anode coil re- 
quired jor sustained oscillations is 200jiH y when the load is equiva- 
lent to a resistance R = 15 ohms in series with inductance L of the 
tuned circuit . Ij , however , the equivalent load resistance R is increa- 
se d to 3 ' $1, the mmimum value of mutual inductance M is required 
to be increased to 350p.H. The electron tube used has amplification 
and plate resistance , r e — 24,000 ohms. Find the inductance L 
and capacitance, C, of tune 1 plate circuit 

We know ,hat ?m =;- =f J2 g __3x 10- mho 

and g — P RC 

nM-L 

or SmE 4” [j-RC —g tn fi Vt , 

In fir6t case, 

5 x 10 -4 L+ 12x 15C=5x 10~*x 12x200xl0 -4 
or £+(36 x 10 4 ) C=24 x 10~ 4 . ...(•) 

In second case, 

5x 10~ 4 L+ 12x3CC=5x 10- 4 x 12x350x 10- 6 
or £ + (72 x 10 4 ) C=42 x 10 -4 . ••(") 

Subtracting equation (i) from (ii), we get 

36 x 10 4 C=1 8 x 10“ 4 


and 


or 


8m — 


or 




or 


..(ii) 


or 


1 8 v 1 0-* 4 

=5000 x 10" 12 Farad. 

36 x 10" 4 


Substituting the value of C in equation (i), we get 

L=6x 10~ 6 Henry. 

4. In a Hartley oscillator, the two se tions of the coil hive 
inductances of 90 mH and 30 mH , the latter being in the grid circuit. 
The tuning capacitance is of value 100 pf an I the amplification factor 
is of the value 20. Find the approximate value of critical mutual 
inductance for maintaining oscillat ons. ALo find the value of fre- 
quency of oscillations in that case. 

We know that u=( Ll ± A f\ 

\£ 2 +A/ / 

or 20— (90+A/)X 10 ' 3 

(30+ Vf) x I0- 3 ' 


or 


20 


Solving it we have 


M 


27 mH. 
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Again 


f~2n V[C^i+L 2 -2M)) 

1 

= 2w V 1 1 00 xT0^(90 + 30 - 2 X 27) X 1 0- 3 ] 

= - L ( 17 - 4 x 10- 12 )- j/2 


= 38x 10 3 c/s. 

— 38 kc/s. 

5. In a resistance-capacitance tuned oscillator the regenerative 

network parameters are 

i? x =4x 10 4 ohms, JR a =4x 10 4 ohms, 

Ci =400 P.F., c 2 =m P f. 

Determine 

(a) the frequency of oscillations, and 

(b) voltage amplification to maintain oscillations. 

(a) We know that in case of RC tuned oscillators 


ATT\/ (KiDiCxCi) 

1 

= 2tiVC 4 x 10 4 X 4 X 10 4 X 400 X 100 X 10~* 4 ) 

1 vio^ 2 

" 2 tc X 8 X 16 n 

= 1*9 xlO 4 c/s. 

( b ) Required gain to maintain oscillations is 



=1+1+4 

= 6 . 

6. In a phase shift oscillator the three networks are identical 
i.e. R 1 ==R 2 =R 3 =R=6 X 10* ohms and C 1 =C 2 =C 3 =C=9 pf Col- 
late the angular frequency of oscillations. 

The angular frequency of oscillations is given by 

1 

a) ~y/6.CR 

1 

~\Z6~x9x 10 _u x6x 10 4 

1 10 " 

= 2-441 X 54X10' 8 "132-246 
=75-7 x 10 4 radians/sec. 

7. A certain X-cut crystal is resonant at 450 kc/s. For this 
frequency, its equivalent inductance is 3‘65 Henrys, its equivalent 
capacitance is 0'034 pp-F., and its equivalent resistance 9,040 ohms. 
What is the Q of the crystal ? 
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We know that Q of the crystal is given by 

Q = Mk 

* R 

= 6-28x 450,000x3-65 

~ 9040 

= 1141. 

3,000 megacycles ^Thp^Zft ^ ystron J s operating at a frequency of 
25 mA and the ratio V IV -O^DetZ 2 w beam current is 

power cutout rrmJiti™ Zv ZZ’- e e ffi cie ncy, for the maximum 
tean, ««""*** *-'■ «*• 

relation ^ know that < * c - accelerating voltage K 0 is given by the 


^o=0-284xl0- 


0-284x10" 


“[ 
n r 


ojS ]* 

27rn-(n/2) J 

2?cx 3000 x 1 0 6 x 2 X 1 Q-* I 2 

n (2 n~t) J 

where S is in metres 


(b) 


=0-284 X lO" 9 * 11 x 

=284x64 
= 18176 volts. 
We know that 


[(3/2)] X 1014 


Vy_ 3-68 

V 0 2nir — (7i/2) 

or ] xV 

[ 2nn—(n/2) J X V ° 

=0-78x18176 

=14177 28 volts. 

( c ) p outwt=I 0 V 2 J 1 (x)=25x 10' s x V 2 xO'5S, 

Rinput — I o y 0 = 25 X 10~ s x V 0 . 

• Pou tp u t 25x1 Q— 3 V 9 

•• , ~P^7=25^UF< x P7 x0 ' 58 x">0 

= 1 X 0-3x0-58 x 100 
= 17-4%. 

9 “«S 

v v r — V o) z (8a rS i m) 

press ion for for reflex klystron. Assume that V 0 =350 volt, 

ZZ f = ^,000 megacycles, and n=4. Compute the frequency 
change for one volt change in reflector potential. 


or 


Vi 


XV, 
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The given expression is 

V 0 [2nn -(n/2)?e 
(Vr-V 0 Y ~ %u> 2 S 2 m 

From this expression, we have 

, [2«7r (~/2)] 2 e (V R -V 0 )* 
8S*m X VT~ 


or 


1. 

2 . 


( it 


df 


[2rtTT-(7r/2*l 

2yJ2S 

[2nn — (ir!2)] 


• • 


dVfT 2k.2 y/2S 
. .ccording to the problem 

n—4, €>/m= 1 76 x 10 u e.m.u. 

F 0 = 350 volts, £=0-5 x 10~ 2 metres. 

[8-(l/2)V(l-76xlO u > 

4-\/2x0 5 x 10 

=5 928 i 



df 


-"X V350 
ic/s per unit reflector voltage. 


EXERCISES aND PROBLEMS 

Define an oscillator as used in radio work. What is its importance ? 
Draw the circuit diagram and explain the working of tuned anode 
oscillator. Using Barkhausen criterion, derive expression for g m for 

sustained oscillations. 


3. Derive condition for sustained oscillations in a tuned grid oscillator. 

4. Draw a circuit diagram of a series fed, tuned anode Hartley oscillator 
and explain its action. 

5. Draw a circuit diagram of Colpitt’s oscillator and explain its action. 

6. Deduce the frequency of oscillation for the following oscillators : 
la) Dynatron oscillaior, 

(b; phase shift oscillator. 

(c) Resistance-capacitance oscillators. 

7. Explain how quartz crystal oscillator can be used in conjunction with a 
valve to generate high frequency currents. Discuss the advantages, 

difficulties and applications of such a generator. 


8 - Deduce the condition of maintenance of oscillations in a tuned plate 

oscillator. Describe and explain hew a quartz cryst. i is used in the 

oscillator^ circuit for stabilising the frequency of the oscillation. Discuss 
the main cuts of the quartz crystal. 

9 - Whit limits the wavelength ;of the oscillation in a regenerative oscillator? 
Deduce expression for the wavelength of the Barkhausen K'- rtz type of 
oscillations in a triode with cylindrical electrode. 

1(J - Deduce the condition of maintenance of electrical oscillations in anv 

S d |'l rdt r P , e0 /° SCillat0r - What precautions are described for the 
lability of the frequency and amplitude of oscillations ? 
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11. Draw a circuit diagram of multivibrator and explain how it works ? 
Show the typical w aveform of a multivibrator output. 

CJive an account of the difficulties involved in producing U. H. F. 
os^i ations y conventional feed-back methods using a triode. Explain, 

wit the help of net diagrams, the mechanism of energy generation in 
a magnetron oscillating in the 7 r mode ? 

13. What is meant by the transit time effect? What are some of the common 
methods of overcoming this effect in an ordinary tube ? 

^ £i‘ CUSS * s ** n°t possible to generate oscillations of frequency 
3000 mc/s. with the help of conventional triodes. 

Draw a neat diagram of reflex klystron and explain its working and the 
phenomenon of a bunching of electrons. 

15. What is meant by transit time effect ? 

Discuss why the conventional oscillator circuits cannot be used for 
generation of microwaves ? 

Show how oscillations are generated by a reflex klystron ? 

16. Derive expressions for tne output and efficiency of a double resonator 

ystron. In what respects do the double resonators klystron differ 
from the reflex klystron ? 

17. Write short notes on : 

(i) Travelling wave tube, 

(ii) Electron wave tube, and 

(iii) Backward wave tube. 
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TRANSISTOR AMPLIFIERS 



Transistor cannot be a direct substitute for vacuum tube 
A vacuum tube is a voltage operated device in which the input 
voltage controls the output current or voltage or both. This tvpe 
of amplifier works best with a constant voltage source On "the 
other hand, transistor is a current operated device in which the 

input current controls the output current. This type of amplifier 

works best with a constant current source. 

The second difference can be made on the basis of isolation of 
input and output circuits. In transistor, these two circuits are not 
isolated ; therefore, output circuit parameters will affect the input 
circuit parameters and vice versa . y 

Third difference can be made with reference to «itput and in- 
put impedances. In vacuum tube circuits both these impedances 
are sufficiently high, while transistor circuits generally have a low 
to medium input impedance and moderate to high output impe- 
dance The current flowing through these impedances determines 
me voltage or power gain of a transistor amplifier circuit. There 
are three basic types of transistor amplifier circuits : 

(0 grounded emitter, 

(ii) grounded base, and 

(Hi) grounded collector. 

Choice of Parameters : 

We have described Z, Y and Ii parameters in chapter 6 Z 
parameters require measurements under open circuit conditions 
while Y parameter under short circuit conditions. The hybrid para’ 
meter and J 2 , are measured with output short circuited, and' 

circutt the high impedance output of the transistor with a capacitoJ 

?o ? PC t n C J r . CUlt } hC l0W i . mpe< ? an( ? e in P ut with an inductor Due 
lothis fact, at low frequencies, the hybrid parameters are more 

Popular. The circuit analysis is easier with Y parameters at hioh 

frequences. The Z parameters are most useful in de cr bin 8 low 

mpedance devices. At low frequencies the Zparameters are most W 

resist, ve so we can write Z n =r n , Z 12 =r 12 , Z,,=r 21 and l * 

I he parameters r u , r 12 , r 2 „ and r 2 , .re k ,own as r paramAenT 
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16- 1. EQUIVALENT CIRCUIT OF A TRANSISTOR : 

We have discussed the equivalent circuit of a vacuum tube in 
two forms— one constant voltage generator and the other constant 
current generator. Here too a transistor can be replaced by an 
equivalent circuit. 


An equivalent circuit can be traced simply by considering the 
three resistances r 6 , r e and r 0 as shown in fig. 1 ( a ). But since a 
resistive network is attenuator, it is unable to amplify the input 
signal while the transistor do amplify. It shows that this passive 
circuit is not adequate for the transistor. A transistor must there- 
fore, be represented by an active circuit containing one generator 
atleast with the circuit of fig. 1 (a). The active circuits are shown 
in fig. 1 ( b ) and fig. 1 (c). 

From fig. 1 ( b ), numerical value of current gain is 



output voltage — o 



where r m is the mutual resistance of the system, 
is termed as alpha (a) for the transistor, i.e, 


• * 



Above quantity 



(b) Constant voltage source form (c) Constant current source form 
Fig. 1. Equivalent circuit of a transistor in common base connection 

This generator can be shown as a constant current source 
fig. 1 (c), connected in parallel with the collector resistance r e • The 

current thus applied is or a i e . In fig. 1 ( b ) generator is 

represented as constant voltage source connected in series with 
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r„. This circuit will be adopted widely in further [calcuations for 
output resistance, input resistance, voltage gain and current gain 
of the transistor in its three configurations. 

16 2. GROUNDED EMITTER CIRCUIT : 


The circuit of PNP type transistor 
shown in fig. 2 (a) and 2 (6). 


with e 


itter grounded is 



OUTPUT 



Fig. 2. (a) PiVp grounded emitter trans stor-amplifier circuit. 

Base is a driven element and the input signal is applied 
between the base and emitter. 

Output signal is drawn between 
collector and emitter. The 
emitter is biased in a forward 
direction by the voltage Vbe 
and the collector is biased in 
a reverse direction by the 
voltage Fee. fa 

We have seen in chapter 6 
that a small change in base 
current, due to input signal pro- Fig 2. ( b ). Grounded emitter amplifier, 
duces a large change in collector current which is responsible for 
the amplifying action of a grounded emitter transistor. 

Suppose a positive signal is applied; then its polarity will be 
opposite to that of F fiS . Consequently, bias voltage Vfe dec- 
reases and causes a decrease in emitter and base currents. The 
decrease in emitter and base currents produces a decrease in the 
collector current with a corresponding decrease in the output volt- 
age developed across Rl • As a result, the potential at the collec- 
tor, with respect to ground will be negative. By the same reasoning 
a negative input signal will increase output voltage. Thus the 
input and output signals are 180° out of phase. 

Now we shall proceed to calculate input resistance, output 
resistance, voltage gain and current gain of the transistor in the 
amplifying circuit. 
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Mathematical analysis of co 
parameters : 

Figure 3 ( a ) shows the 
one voltage generator equi- 
valent circuit of a common 
emitter transistor treated as 
a four pole in r parameter, 
while 3 (6) shows the one 
voltage generator equivalent 
circuit derived on the basis 
of processes involved in th 
transistor. 


Hill 


on emitter amplifier using r 





6' 


-wvww 


’be 




i 



.c 


Fig. 3 ( a ). One voltage generator 

lent circuit of common 
transistor. 


equiva- 

emitter 








■> s' 

*e I J. 


t 


I 


i« 




J 

Fig. 3 ( b ). One voltage generator equivalent circuit of 

common emitter amplifier. 

From figure 3 ( b ), at point 
B', we have ' b + /„ + I c — o or 
/«=—/&—/<,. Here it is pre- 
ferred to express I c interms of 
base current. The c.rcuit of 
figure 3 ( b ) is transformed to 

circuit shown in figure 3(c). Fig . 3 (c >. Modified equivalent 

XT , . c _ circuit ot figure 3 (b). 

Network equations for figure 3 (a) are 

(r n -r w ) + (4+/,) r 12 s=J b r n +I e r )2 
Vea- lb (r n —r 12 )+I c (r S2 — n 2 )-f (7,,-f 7 0 ) /- J2 = 

The network equations for figure 3 (c) are 
Vb 0 —h ( r b +r 0 )+I c r 0 

^ ce—f r 0 { 1 a) — r m /j + (/*+/<,) r a 

or V c0 — (r c — r,n)-\-J c [r„-f- r c ( 1 — a)J 

Comparing equations (1) and (2) with equations (3) and (4) 
respectively, we get 

r n= r b+r e , r 12 =r e , r^ = r 0 —r m 


...d) 

h r2i-\-h r 2t •••( 2 ) 

-.(3) 
...(4) 


«) 


and r, 2 — r c -\-r c (1 

Thus we can write 

f — T r b + r e . r e "J m 

L Ke] [r c .-r„, r e +r e (1 -a) J [/J 
In chapter 6 we have derived the following results, 

Z 12 Z 21 


...( 5 ) 


Inruit impedance Z,—Z n - 


7-22-\-Zl 
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Output impedance Z 0 =Z 22 -^%- 


...( 6 ) 


Voltage gain 
Current gain 


A, 


Ai 


Zl Z 2l 
(Z 22 +Z t ) Z< 

z„. 


° Z 91 + /fe’ 

where symbols have their usual meaning. 

In this case, we shall find the following parameters. 


impedance 


r ii 


r 12 r ?l 


+ r e ) 


^ (r,—r m ) 


\?eA-r e (1— <*)]+/?£ 


Ivfr! (1 -«)}+** ] 


, Rf\- r t 

^ * iti+ra+r. (l-«l 
«• 

In practice, r„ is much smaller as compared to other terms and 
is, therefore, negligible, i.e. 


r.=rj+r 


RiA-fc 
Rf\- r c ( 1 - 


<*> 


Assuming R L to be very small as compared to r„ and r e (1— *), 
we get 


r t =r b + r 

If Rl is large as com- 
pared to r„. then r< = r J + r 0 . 
Variation of input resist- 
ance with load resistance 
is shown in figure 4. It is 
observed from the figure 
that input resistance is 
high for low values of 
load resistance and goes on 

decreasing with the increa- 
se of load resistance. 


r e 

r c (l 


^r' i+ (i 

1600 1 


a) 


...(a) 


,1400 
■§ 1000 1 
3 600, . 

200 , . 

40 


70 


70 


Load Resistance in ohms. 
Fig. 4. Shewing variat'on of input 
resistance with load. 


(2) Output resistance r, 


. r 3» f ?1 

“ 2 r n+Rs 
[re+r 0 ( 1 — a)] 


In general r b < r m and 


=[r a +r 0 

= r , 

’ rb+r e +R s 

Rs < r m , so that 
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r o^ r « (1 — ®) + ~ 

T 


TS 


t m 


(3) Voltage gain 


A 


b + ^ + 

Rt r 21 


..•(b) 


( r d + f<j— Jm + Rz.) £/*£ + ' 


(^22 ”f" Rl) fi 
Rl (re—r m ) 


r g(r a -)-/?£.) 


+ r «(l— *)+Rl 


Rl 

r b+ \ fo+r.)(r, + J R £ ) | 

L (r»—r m \ J 

As r b ^ r m and R L < r f , 
we have 


A v 


aR 


r e +r b ( 1 — a) ...(c) 

Figure 3 showy the varia- 
tion of voltage gain with load. 

(4) Current gain 


A x =T- ' 21 . 

*22 + 7?t 



( r»-r m ) 


r e + r e (l- a )+R L 


LOAD tf£S'STAA/Cf 

Fig. 5. Variation of voltage gain 

with load resistance. 



In practice r c > R L and r e ^ r m 

(5) Power gain 


...(d) 


A. X X 



a Rl 


e -\-r b U— «) 

* l R L 


\ 


...(e) 


(1 — a)r e +r* (1 —a) 2 

EQU^?ONS^ 1ITTER tRansisTor amplifier hybrid 

Hybrid equivalent circuit for a CE transistor is shown in I 
fig. 6(a). Refer to art. 6*39, where we have shown that, with equi- 
valent circuit shown in fig., the voltage and current equations are , 


V l — hn /i + ^i2 v 

^2 ~ ^21 V‘. 


...m 


1 
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t - **fJ C ® urrents l i> i* and voltages v u c 2 are incremental quanti- 
mwntils. the S0Ur , Ce Tu lta f e isassumed to be sinusoidal, these 

?7) and ? by 7l) h and Vl ’ V *' The above equations 

(0 and (8) can be written as 


and 


®i — hit 
h — hft /’i+Ao a v t 


re v 2 



4 


k v *Q) i 





^2 2 


II - 




Fig. 6 (a). 

The second two equations needed are 

Vi=e s -i 1 R s , 

«»=-/* i?z,. 

/in ^ Current gain : Let us eliminate i. 
( 10 )- This gives 




...( 7 a) 

...(8a) 


• • ( 9 ) 
•• ( 10 ) 

from equations (8) and 


0 n ti /i-f-V a ( j 


or 


v 


h 


2i h 


A 2 o + 


1 


ot 


V ■ 


i ^21 Rh 
t 1 A 2 2 -^1+1 * 


Putting for v 2 from equation (JO), we get 


h Rl 


^2i Rl 


or 


die 


1 ^22 Rh~\~ 1 
it —k 


21 


h 


fe 


h ^22^+1 /W-tfjL+r 


..(II) 


..( 12 ) 


we get 


(2) Input Resistance : Putting equation (1 1) in equation (7), 


v 


or 


v 


or 


R 


u 


4 (*"-*■• ™ 

;/ ^11 ^22 ^+/?11--/?12 i?/, /r g1 

^22+ 1 

_ ^ L (k - i0 hpt—h re hfc)+h iA 

h " hoe Rl~ t~ 1 


( 13 ) 
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&L d-\-hie 

hoc 7 ?l+ 1 9 

where A={ht 0 h„e~h re h fe ). 

Input resistance interms of current gain : 
We know that 

ii+Ke V 2 


...(14) 


or 

or 


or 


v i — hi e i\ — h re / 2 Rl 
v i — h/e /‘i + A i 6 i\ Rl h r 


6 


v 2 = — h Rt 
dio = — ij li 


R 


ie 


V 

l 


1 


hie + h rc Ai e Rl 


...(14a) 


(3) 


Voltage gain : From equations (13) and (11), we get 

A —^2 — hf 6 Rl 


V6 


{/he h 06 -7-hfe hf hi 0 


...(15) 


V oltage gain in terms of current gain : 

”2 ~h RL A t0 /, R l 


Atl/C 


V 


V 


V 


va 


(4) 


Ri e 


Power gain : It is given by 

h 


(15a) 


ve 




21 


hz2 ^L+ 



Rl h-n 


Rl A + hn 


hi R 


21 


(i +/i 22 Rl) (Rl d +h n ) 


h% Rl , 

^0+h oc R l ) ( R l A + h ie ) * .. (16) 

( 6 ) Output resistance : For the calculation of output resis- 

vance, we have to transfer the signal generator to the output 
terminals [fig. 6 ( b )]. The equations are 

0=(7?s+*n) h+h 12 ^ 2 , 

^2 == ^21 ^1“F^22 ^2* 



FiV. 6 (6). 

Substituting /j from first equaucn into second, we get 
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7, 


or 


R 


v 


h\ 2 h 2 \ v 2 ( t 

R^+h~ +/Za2 

Rs + h ii 


# way : 


h (7?s+An) hi 2 —h Y 7. h 21 

Rs~\~h ii 

7?S ^22 + ^ 

— Rs^-h te 

~R s hoe+A' ' ...(17) 

The output resistance can also be Calculated in the following 


The output admittance Y oe is given by 


Y 


00 


h 

v. 


with e s =0 


But 


• • 


7*2 — hfe 7*i -f-/? oa V 2 

Y 0 »=hf t ± 


V. 


+ h 0 e 


or 


From figure we have 

Rs 7*1 -\rhie 7i+A f 0 v a = 0 

7*i h re 


(V e s =0) 





hi 6 -\-Rs 

• 

Y oe = 

z h O 0— 

hfe h r e 

• • 

hie~\~ Rs 

or 

Roe = 


hfe hre/hio+RsT 


v 


ve 


1°; voltage gain considering source resistance R s . The actual 
voltage applied to the input of the amplifier is e s . Hence the 
overall voltage gain is given by 

(A x _«>2 t> 2 v 1 

es es e s ...(18) 

Corresponding to the input impedance R lt , the value of v x is 
5»ven oy 

Cs*Rie~ 

-( 19 ) 

m w 

Hence 

...( 20 ) 


v 


1 Rs-^Rie 
(A v *)s — A ve . Tf I n 

T . _ -Ks-rKif 

If i?5 = 0, (A ve )s=A v g. 

(7) Current gain considering the source resistance R s . Let a 
current source i s with internal resistance R s be at the input side 
tnen overall current gam is given by 


Now 


( A ie )s 

h 


l f-. l f-=A it . % 

h l s is 

is R s 
Ru+Rs 
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(Aie)s.= Ai 0 


E s 




If Rs= oo, then (A ie ) s =--A ie . 

The subscript e affixed to each parameter indicates that these 
parameters belong to a common emitter transistor. 

Important formulae for co 
using h parameters : 


mu 


on emitter transistor amplifier 


Quantity 

Expression 1 

Current gain 

Input resistance 

Voltage gain 

Power gain 

Output resistance 

— 

Ai 6 = — h fe l(h 00 R L +l) I 

Rte—hie-{-h rfi A ie Rl 1 

Ax>e~A%e Rl! R io I 

Ap 6 == A V 0 Aie I 

Roo = [hoo— hfe hrol(h, $ + Rs)]- 1 


Exampjr^r^ A common emitter transistor amplifier is driven 
by a voltage es of internal resistace Rs = 800 ft,. The load impe 
dance is a resistor Rl — 2000Q . The parameters are : /?»•«= 1 1001?, 
h rt = 2-5x[0“ 4 , hfg — 50. hot^lSpA/V. Compu e the current gain, 
voltage gain, overall current gain, ov rail v oh age gain, input Resi - 
tance, output resistance and operating power. 


(i) Current gain A ie 


'to 


boo Rl + 1 


50 


476. 


~ 25 x 10—. 2000+1 

(ii) Input resistance Rie=h i3 +h T c At, Rl 

= 1100 + (2-5x 10- 4 ) (-47**) (2000) 
= 1076i2 


(iii) Voltage gain A 


VO 


Ai C Rl 

Rie 

-47-6x2000 

1076 


(iv) Overall voltage gain (A vt ) s =A v , 


-88 47. 


Ri 


Rs + R “ i 


(-88-47) 

- 50 - 75 . 


1076 


a00-t-107b 
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(v) Overall current gain (A ie }s=A {e 


735 


R 


(—47 6 ) 


Ps+Ri* 

800 


(vi) 


where 


800+1076 

= -20-30. 

Output Resistance R oe =\/Y ot 

ht» 


Y, 


00 


03 


50x2-5x10 


R 


00 


(vii) Power gain =*A 


VO 


h{$+Jis 

>(25X10-)- (1|00 + 80S7 

= 18-42xl0-« Q 
1 10 8 

'18-42xl0- 8- l&42 
= 54'3x 10 3 Q 

.^,.= (88-47) (47 6) 

=4211. 


16-3. 


COMMON BASE AMPLIFIER : 

transistor with grounded base is shown in fig. 7 (a). In 
this circuit, emitter is driven element and the input signal is 

applied between the emitter and base; the output signal is pro- 
duced between the collector and base. Thus the base is common 
to both the input and output circuits. The emitter is biased in 
torward direction by the voltage V BB and the collector is biased 
in a reverse direction by the voltage V cc . The input resistance of 
me transistor is very low while output resistance is very high. 


t 


nn/T 

I 


/fi 


6 




v - 



+ 

> 

- 


i 



QUTPOJ 


fig. 7. (a) PNP grounded base transistor amplifier. 

in emitf 8 obvious fro ™ characteristics (chap. 6) that a small change 

colW CUrrent ’ due to in P ut si 8 nal » produces large change in 
collector current and hence the greater output voltage. This ex- 

P ms the amplifying action of grounded base transistor. 

When the input signal is positive, its polarity is the same as 

increa^tn 1161111 ^/^ bia ^. v< ? lta 8 e wi| l increase and causes an 
ease in emitter and base currents which, in turn, will 
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increase output voltage. 
Thus input and output 
signals are in the same phase. 

Now we shall proceed to 
calculate the input resistance, 
output resistance, voltage gain 
and current gain of this ampli- 
fier circuit. 

A simplified common 
base amplifier circuit is 
shown in figure 7 ( b ). 

Mathematical analysis of 
common base amplifier using r 
parameters : 



Fig. 7. (b) Common base amplifier 


Figure 8 (a) shows the one current generator equivalent 
of common base transistor using r parameters while figure 8 ( b ) 
shows the one current generator equivalent circuit derived on the 
basis of processes involved in the transistor. 

From figure 8 (a), we have 





Fig. 8. ( a ) One current generator equivalent circuit of common 

base transistor as a four pole. 



4 


Fig, 


V* 

V cb 


8. (6) One current equivalent circuit of a common base 

transistor drived on the basis of processes involved 

in transistor. 

~Io (^11 O 2) +(/<)+/<;) r 12 = /<j T 11 + ^C ^12’ 

-(/* + /<>) r 22 ^12) Ic ~\~ I * 21 /# i 2 ) ^ ^ r 2 i "t" ^ r 2 2 • 

1 L 
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Similarly from figure 8 ( b ), we have 

V eb—Ie { r e Jt ~ r b) J rh r bi •••(3) 

Veb=I e '(r b + r m )+I e ( r b ) + r * r where r m =ar e . ...(4) 

Comparing equations (1) and (2) with equations (3) and (4) 
respectively, we get 

rb 9 r J2 ~- fb, r 2 i=r b -\~r m and r 22 =r b -\-r c . 

For accurate circuit considerations it is seen that 


...(5) 


r m +r b r 

r c-\~f t b 


21 


22 


In Chapter 6 we have derived the following results : 

■Z 12 2^>i 


...( 6 ) 


Input impedance Zi — Z„ 
Output impedance Z 0 =Z 22 


Voltage gain 
and power gain 


A 


Z 22 +R l ’ 

_ ^2^21 
Z\\~\-Zs ' 

ZiZ 2 ^ 


...(7) 


A 


(Z 2 2 + Zi)Zi 
A 2 

At ft 


where the symbols have their usual meaning. 


(I) Input impedance r t =r 


r n r 2i 


n 


( r b +r e ) 


r 22 + R-1. 

r b (r b +r m ) 




fk+r c +i?£ 
rb (r e -r m +R L ) 
rb+r 0 +R L 


r c and a r e are both Jarge compared to r b and R L is usually chosen 
•o be small hence 


r< ci r 6 -\- 


r b (r 0 r m ) 


r d"f" r 5 (1 — a). 


...(a) 


Variation of input 
resistance with load 
resistance is shown in 
figure 9. 

It is obvious from 
figure that the input 
resistance increases with 
— the increment 
being small for low 
v alues of load resistance 
while large for higher 

values. 



iood Kesist&rtce (Ohms) 




738 


Hand Boo k of Electronics 


(2) Output resistance 


0 — r 22 


r l2 r 21 


(r b +r e ) 


r 


( r 6 + ^c) + -/?5 


V c/ I • «7/ I 

This third term is small as compared with r c , hence 


(3) Voltage gain 
A r 21 Rl 

( r 22 + -/?c) r t 

( r b-\-r m ) R l 


r 0 ~r b +r c . 


...(b) 


to+ro+RL) X I t q -f- — r m + JiL) I 

L ^o + r^4-i^ L I 

^ r & 4 - r m ) Rl 

V#+l £ ^+ r ^(l --*)]+ (r e +r b )ltr 

clRi 

r t +r b (1 -*) ..(c) 

as first and last terms in deno- 
minator are small compared to 
the second term. 

gg var * at >°n of voltage gain with load resistance 



Load resistance 
Fig. 10. Variation of voltage gain 


with load resistance 


(4) Current g«in A, 


21 




Power gain =A t xA, 


~(r b +r m ) 

r 2 2+^z- r» -f- r b -f- Ri 

cr . 

* 2 Rl 


...(d) 


...(e) 


r e + r b (1— a)* 

BASE TRANSISTOR amplifier hybrid 
EQUATIONS : 

. Hybrid equivalent circuit, of a common base transistor amplifier 

is shown in fig. 1 1 ( a ). 





Cf 


V: 




K b *S 




b i i 


Fig. 11. (a). 

The equations are 

Vi—hif, i\-\-h rb v 2 

ii—hfh ix+huh Vo. 

The second two equations needed are 


...r8) 

..\ 9 ) 
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( 1 ) 


=e,—iiR s 

Current gain : Let us eliminate i a fro 


»i 

Vo 


...( 10 ) 

...(H) 

equations (9) and 


(11). 

0=hfj ) ii J irihob 

or 

\ 

—hfbii 

v *~ ( i \ 



. hi b Ri 


1 -)■ h 0 bRL 

Putting for v 2 from equation (11), we get 

. D . bn J 't 

—h Rl=- 


« « 


( 12 ) 


l 


1 ir\~hob-^L 


Therefore current gain is 


A 


tb 


19 Ij 1 -\-hob^L . •••(^3) 

(2) Input Resistance : Putting equation (12) in equation (8), 
we get 

hrbhfb Rl 


V 


h<b — 


1 “f" hob^L 


. hib+hibh ob Ri hrbhfbRi, 

h 


or 


R 


ib 


*1 

Rid +hib 


1 -thobRh 

Rr (hibhob — hnhrb) 4 - ha, 


...(14) 


1 +h 0 bRL 


where 


or 

or 


\~\-hobRi 

A=(hi b h 6 b —hfbhrb)- 
Input resistance interms of current gain 
We know that 

Vi=hib ii-\~h re v 2 
Vy^hib l*i" hrbizRL 
Vi=htb ij+Aib i\Ri* hrb 


...(15) 


• • 


Vi -. 

Ait, 


- iiRi 


R«,= V ^ 

u 


hii~\-hrb dib R L 


...(15 a) 

(3) Voltage Gain : From equations (12) and (14), we get 

v z —hfjRi 

.. (16) 


vb 


ftib + RLd* 

Voltage gain interms of current gain : 


A «* 


v .± 

vi 


-UR 


2 


A<bi\R 


V 


V 


. A ih R L 

A%>b r» 

/Vtfc 


or 


..(16a) 
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(4) Power Gain 

Am 


It is given by 

AibAyb 

h 2 f b R L 


# . U+^l) lh ib + R L 4 \ • ...( 17 ) 

tance we h^ U t^ eS,St ? nCe u : For the calculation of output resis- 

nals ATthe ^mP r anSfer the , Slgnal generator to the output termi 
na fig l (fc) ’ WC pIace ° nIy ^ acr °ss the input termi- 



Mg. 11. (b) 

The equations are 

0=(7?5+/ 2ti ) i 1 -\-h rb v 2 , 

. l 2 — "fbii+h ob v i . 

rutting /j from first equation into second, we get 

__ h fb h rb 


l 


or 


(Rs+h^) v * +h "» v * 

v " Rs+h ib 


It ob = — 

h (Rs+hib) hob—hf b h rb 

Bs~\-h{ b 


Bs hob+h ib h ob — h/jh rb 

RsA-hi b 
Bs h ob -\-A 


...(18) 


way : 


rrit v / 

e output resistance can also be calculated in the following 

» 


The output admittance Y ob is given by 

h 


Y, 


But 


o b = — with e s =^0 
V 2 

h = h fb ii~\~h ob v 2 

Yob^hfh ~ f~ h ob 

t/o 


or 


But R s i 1 +h ib i\+h rb v 2 =0 

hrb 

V * hib~hRs 

h/b h rb 


(V *s = °) 


Ob 


h 


Ob 


h ib -\-Rs 
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or 


Ro'o 


M 




0i> 


hfb h 


h<bA-Rs 



...( 18 a) 


(6) Voltage gain considering source resistance R 5 (overall vol- 
wge gam) : The overall voltage gain of the amplifier is given by 


(A*) 


V 


V2 t>i 

vfes 


Afjb 


V 


es v x e s ~ e s ...( 19 ) 

corresponding to input impedance R ib , the value of v, is given by 

es Rib 
v x -- 


Hence 


Rs~\-Rib 

(Ab)s=A ib Rib 


...( 20 ) 


Rs + Rib 

If Rs = 0 (A vb ) s =A vb 

(7) Current gain considering the source resistance U s (overall 
current gain) : Let a current source is with internal resistance R s 
De at l “ e input side, then overall current gain is given by 


(A,b)s = r- »-r- =A t o.~ 

h is is 


Now 


i 


is Rs 


Rib~\~Rs 

: °°» then (A i b)s=A tb . 

Important formulae for common base transistor 
“ parameteres 


If*S 


...( 21 ) 



Quantity 


Expression 


Current gain 


Input 


resistance 


Voltag 


e gain 


P°wer gain 


Output 


resistance 


Overall voltage gain 
Overall current gain 


Afb= hfb I (hob 

Rib — hi b -\-hrb Aib Rl 

A V b=A ib R^/Rih 
Apb = *A V b»Aib 

Rob^l^ob hf b h f 

(^v&)s “ A vb ,Ri b j(Rg Rib) 

(Ai b )s Aib'Rsl(Rs~\~ R^) 


nr,J Xa ” plel - 4 common base amplifier is driven by a voltage p, 

£ TtTo 'T ' anCe ? S = ' '■ K °- ne ‘° ad ‘ > V»hnc/u a r?s‘s, J 

0 98 andh„= 0-50 M/K Compute current sain ', oil ago gam,’ 
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overall current gain, overall voltage gain, input resistance, output 
resistance and operating power gain. 

htb 


(i) Current gain A ib 


{h ob Ri.-\- 1) 

(-0 98) 


» 0 98 


(0-50xl0- 6 xl0*+l) 

(ii) Input resistance Ri b =h tb +h rb Ai b R L 

= 22+(2 - 9 x 10 -4 ) (0-98) (10») 

- 22-28 SI 

(iii) Voltage gain A vb =A ib R L IR ib 

°' 98xlo :.«'9» 


22-28 


(iv) Overall voltage gain (A vb )s=A 


Re 


vb '(Rs+Ri b ) 

22-28 


(43-99) 


(v; Overall current gain ( A{ b )s=A 


10 3 +22-28 

Rs 


096 


ib Rs-\-Rib 

10 * 


CO-98) 


0-96 


(vi) Output resistance R^^^i 


ob 


0-5 


0x10 


-8 


10 3 + 22-88 

hf b .hr b /(hib-\~ Rs )]' 1 
(— 0-98)(2-9x 10~ 4 )j~ x 


22+1000 

= 1-28 Mft. 

(vii) Power gain— A vb . A fb = (43"99) (0’98)=43-ll. 
16 4. GROUNDED COLLECTOR CIRCUIT : 


A grounded collector transistor amplifier circuit is similar to 
cathode follower in vacuum tube amplifier circuit. Figure 12 (a) 
shows a grounded collector PNP transistor circuit. The collector is 
at a.c. ground, while d c. ground is prevented by means of a 
capacitor (not shown in fig.) or in other words, collector is common 
to base and emitter for a.c signals. Emitter is biased in forward 
direction by the voltage V EE and collector is biased in reverse 
direction by the voltage V cC . 

The input signal will vary base current about its average value 

which produces same variations of greater amplitude in emitter 
current. Therefore, output voltage will be larger in variation than 
input signal. 

When input signal is positive then bias voltage V c will increase 
because of the polarity of input signal and that of Fee being the 
same. Due to increase in V c , the emitter and base currents will 
decrease. Consequently, the output voltage across Rl w *b decrease 
or in other words the potential at the emitter will become relati- 
vely more positive with respect to the collector. In a similar man- 
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ner, the negative input signal will make emitter less positive with 
respect to collector. Thus we see that there is no phase reversal 
between the input and output signals. 




Fig. 12 (a) PNP ground collector transistor amplifier circuit. 

In this type of amplifier, the value of load impedance applied 
in the circuit is determined by its input impedance. Because of the 
low value of the required output impedance, the voltage gain is 
always less than unity. 

Now we shall produced to calculate input resistance , output 
resistance f voltage gain and current gain of common collector 
amplifier. 

Mathematical analysis of common collector amplifier using r 
parameters : 

Fig. 12 (i b ) and 12 (c) 
show the one voltage gene- 
rator form of equivalent 
circuit of a common collec- 
tor (i) treated as a four pole 
and (z7) derived on the basis 
of the processes involved 
within the transistor respec- 

tively. The equivalent circuit 12 (b) One voltage generator equi- 
is obtained simply by chan- v * lent circuit of common transistor 
ging the position of emitter treated as a four pole. 



arm and collector arm in 
a common emitter ampli- 
fier. 

Network equations for 
figure 12 ( b ) are 

Vic—lbT l\~\~^6 r 12 •••(0 

Vec — f ( r 22 '"^ 12 ) 

+ /& r l2)“M^> + le) r i2 

Or Voc — lj}T‘2\-\-Io r 27, •••(2) 

Network equations for 
figure 12 (c) are 


* / sr 



Fig. 12 (cj. One voltage generator equivalent 
circuit of common collector amplifier deri- 
ved on the basis of process s involved in 

the transistor. 
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p'- h r b + (4 + 4) [r c ( 1 - a)] + r m T b 

r ' bc i r b~\~^c)-\- 1 e^e ( 1 — a) 


or 


n,=/ e r,+,/' + /. ) ' [ ;„ (, J„' )]+rm/i , - (3) 

~ 4^ + 4 [r c -f r c ( 1 — a)]. ^ 

rcspec°ivel^t! W a " d <2) wi,h P) and" (4) 

r u = r 6+r <! , r 12 =r 0 (1-a), r 2 i=r c 

and r 21 = r*+r e (l-«). 

Thus the network equations reduce to 


V bc 

V 


CC 


H fb-\-r e r c ( 1— a) 

r f rc+r c { 1— a) 



(1) The inpot resistance : r { 


...(5) 


rn 


r 12*21 


rb + r 


r b + 


r 22 + 

___ r c ( 1 — a) r c 

(1 — a )H~Ri 

r c (r e + R L ) 


If *c (1— a) and /?£, then 


r o~r-r G (1 — a) + i?x. 


ri = rb + r — rc+ ^ ~r b 4- re+i?i 

f e (1 a) r *+(T^0 

If r e > -A/., then r,=r&4 ^2— . 

(1-a) ’ 

and if r e R Lf then Ti — r b ' ^ 1 


(a) 


(I— a)- 

fig ° f inpUt resistance with Joad » s shown in 



Fig. 12 ( d ). Variation of input resistance with load. 

(2) loe output resistance r„=r„ 4 ^ 21 

2 'u + A-s’ 
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r» + r e (!—«) — 


r c (l-«) r c 


r e~\- 


+ + 

r c (1— a) (rt,+7?s) 


If r c > r 6 +i? s , then 

^o~ r «+(l- a ) (r b +R s ) 

The output resistance is very small. 

r n ^L 


r 6 + r c + 7?s 


...(b) 


(3) Voltage gain A c 


( r 22 + 7?t)/"i 

r e Rt 


[/o-rrc(l-aH--K t ] 

1 


X' 


fb + 


(r.-r/?x,l r r 

r»+r £ (1 — a) + jR L 


r» Rl 

r b [r e +r c U — a) + jR*J -Hr, -f R L ) r c 

1 


1 + 


r b 1 1 — a; 
Rl 


.. (c) 

when r c > r b r c and R L . 

Equation (c) shows that the voltage gain reduces to unity for 
extremely large load. 

(4) Cnrrenl gain A.—^- r<+ft 

-1 


1 + 


r o r m - f~ Rl 


1 


(!-«)• 


...(d) 

when r m > r e and R L . 

The negative sign indicates that there is no phase reversal in 
common collector amplifier. 

(5) Power gain=AiXA v 

«,_L 1 

(l-a) r b (1-a ) l\ ...(e) 

Rl 

COMMON COLLECTOR TRANSISTOR AMPLIFIER 
HYBRID EQUATIONS 

Hybrid equivalent circuit of a common collector transistor 
amplifier is shown in fig. 12 (<?). 
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(9). 


rig. iz {e) 

The equations are 

hieti "I - hrcV? 

*2 = hfeii + hoc V 2 

The second two equations needed are 

v i— e s — h Rs 

v i— — hRt 

Current Gain : Let us eliminate /j fro 
This gives 


... 1 , 6 ) 

...(7) 

...( 8 ) 

...(9) 

equations (7) and 


0 — hfci 1 + ^ hoc~\- 


1 

Rl 


V 


or 




h/ci 1 


hoc~\~ 


1 


h 


Rl 
hfc Rl 


1 -\-hoc Rl 
Putting for v 2 from eq. (9), we get 

/ p ; hfcRt 

Therefore current gain is 


• ..( 10 ) 


1 1 -\~hoeRL 


A 


i 


ic 


hr 


i 


\+hocRL •••00 

\2) Input Resistance : Putting eq. (10) in equation (6), we get 

hfc^rcRL \ 


V- 


iii hi 


1 -\~hocRL } 


l 


• hi e +h {i h oe Ri — hfchrc Rl 


so that 


R 


v 


ic 


1 -\-h 0C Ri 


Rl A “I - hie 




where 


ji 1 -\~h 0C Ri 
A = (hi e h 0 o hf c h rc ) 


..( 13 ) 


Input resistance in term* of cutrent gain. 
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or 

or 


We know that 

Vi=huii+h ri) v 2 

Vy—h{ei\ 

Vi^hicii^v AttiiRi hrc 

1 —htf-\-h ra Ai C Rl 


V v* 

V A t , 


i«RL 
itli 1 


R 


It 


h 


(13fl) 


(3) Voltage Gain : Flora equations (10) and (12), we get 


V , 


A, c — ~ 


htcRi 


v, 


...(H) 


Voltage gain interms of current gain 

— / 2 i?z. At e i' Rl 


A 


VC 


or 


V J=I1 

Ait Rl 


Vl 


VC 


R 


ic 


...(14a) 


( 4 ) 


Power Gain : It is given by 

A pe = AicAve 

Wuki 


(1 -\-hoeRL)[hie + RL A) 


...(15) 


(5) Output Resistance : For the calculation of output resis- 
tance, we have to transfer the signal generator to the output termi- 


$ 



Fig. 12 (/) 

nals. At the same time, we place only R s across the input termi- 
nals fig. 12 (/). The equations are 

0 =(Rs~^hic) h~\~h ro^i 
i-^hfciiA-hoeVt 

Putting i\ r rom first equation into second, we get 

. hfehrcV 2 

*2 — ~ 


{Rs-r^tc) 


+h TC v 2 


or 


R -- 2 


Rs~\-hio 


1*2 (Rs + hit) h rc hfchr 
Rs -^rhic 


Rsho:+ A 


...(16) 
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way J' K 0U, P“' resistance can also be calculated in 
The output admittance r„ j s g j vc „ by 


the following 


Y. 


l 2 


But 


oe ~V2 Wlt ^ e S~0 


7 2 ~h/ c ii + h oc v 2 

V __ 1. U . . 


Y„ c 


fo ~ + hoc 
V 2 


But 


j7 ^+h ti / x +fi rbV2= o 


or 


._^hrc__ 
hie-{- Rs 


(V <? 5 = 0) 


Y, 


oc=h oe ~~ ^dluL 

l c ~|~ J \ ^ 


or 


R. 


H 


hi 0 -\-R s 


-l 


. (6) Voltage gain eonsidermp ° +Rs [ -0*0 

gam) : Tne overall voltage gain resistance (overall voltage 

S ga,n of tJ ie amplifier is given by 


i = Vl 

e s V, e s 


by COrr£SPOndi " g ™ P edaSce value or „ giver , 


v __ _£5_^ 
-^5 + /?, 


Hence 

If /?Q = 


(dvc)s~ a vo 

(4 V(1 )s=A,.„ 


Ric 

Rs+Rio 


,wvs=u (^ o1s== ^ o 

(7) Current gain corrpcn« » 

current gain). Let a curr™, ng ^ e source resistance R (overall 

be at the input side, then overni^ 6 ’ S WI,h , mternal resistance Rs 

’ 6n overalJ current gain is given by 

/ i \ / A / 1 J 


Now 


/ 


*i 

*i As 

jVKs 

■ /( io~h Rs 


i ± 

l s 


If /?s 


iv)s = ^ ^ . 

*^S + ■/?** 

= °°> {Au)s=A ic 


...( 18 ) 


\ 
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Quantity 


mon collector transistor a 
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plifier 


Expression 


Current gain 
Input Resistance 
Voltage gain 
Power gain 
Output Resistance 
Overall voltage gain 

Overall current gain 


A ic hf c j ( h QC Rl -f- 1 ) 

Rlc hic~\~ hr cA( c Rl 

A. 


VO 


= A {e R L /R ic 

~A V0 . A ic 


R oc [h 00 hf C h rc l(ht c -\-R^'j * 

(A t c ) s = A vc . R ic/(Rs + R i c ) 
(At c )s=Ai C Rs/( Rs-}- Rt c ) 

e s ./’tt 1 ■ f ' r f by f ^ 

resistor R, = i K o ri The load mpe dance is a 

h —i / L 1 / he transistor parameters are : hir—\-\KQ 

gain overall 51 and h oe =25 p A; V. Compute current gain, voltage 

resistance anZZ Voltage gain ’ in P ut resistance, output 

*i*iunce and operating power gain . 

0) Current gain A ie = — ^ ,e 


(h 0C RL -\- 1 ) 

T =49-76. 

Ui) Input resistance R tc =b ie +h re A i() R L 

’• Rio— l’l X 10 s -f- 1. (49 - 76)(l X 10 3 ) 

= 50‘86 x 10 s ft, 

A ic R L _49-16 (1 x 10 s ) 


(-51) 


(25 x 10-«)(10 5 )+1 


(iii) Voltage gain A 


Ric 

0-98. 


50-86X 10 s 


(iv) Overall voltage gain (A vc ) s = Av L*- ic - 

Rs+Rtc 

_0-98 x (50-86 x 10 s ) 

lO^so^stTxTos) - 

=0 96. 

Rs 


( v ) Overall current gain (A le )s=A ic 


(-4ic)s=(49-76) 
= 0-96. 

v 0 Output resistance R oe =[h oc ~ 


Rs-hRtc 

1x10 s 


f . • 


25 x IQ' 6 


0 X I0 3 T+(50 : 86 x 10 s ) 

h tAcl(h ie +R s )]-i 

( — 51) (1) 


_ — 4M7xlC s O 

.vn) Power goin A„ = A ve . A ic 

=(0-98)(49-76)=48-76. 


1*1 x 1 0 3 -h 10* 
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16 5 . 


COMPARATIVE STUDY OF THREE TYPES OF 
AMPLIFIER CIRCUITS: 


Property 


Transistor 

resistance 


Current gain 


Voltage gain 


Power gain 


Phase of in- 
put and out- 
put signals 


Common 

Emitter 


Common 

base 


Common 

collector 


Outout resistance 
of the transistor 
is of the order of 
50 KQ and input 


resistance is 1 to 
2AT ohms. 


J 


Output resistance 
of the transistor 
is very high, of 
the order of 1 to 
2 megohm. Input 
resistance of tran- 
sistor is very low 
of the order of 20 
to 50 ohms. 


Output resistance 
of the transistor is 
very low, of the 
order of 100 to 1000 
ohms. The input 
resistance is very 
high of the order of 
150 AT ohms to 600 
ohms. 


Large current 
gain 20 to 200 


Approximately no 
current gain, 0 85 
to 0*995 


Current gain 

high 20 to 200 


i? 


Large 

gain 


oltage 


Voltage gain is fair 
because or resist- 
an 'e gain between 
base and collector 


Voltage gain is 

always less than 
unity 



Highest Power 
gain 


Power gain is less 



Power gain is less 
than other typ^ 
of circuits 


Input and out- 
put signals are 
180° apart 


No phase reversal 


No phase reversal 


< l i 

From the comparative study we conclude that common emitter 
amplifier is alone capable of providing both current gain an 
voltage gain, hence most popularly used. 

16 6. SELF-BIAS OR EMITTER BIAS 

Of all the biased circuits, self bias or vpltage divider bias is 
most important. Fig, (13 a) shows the circuit of a self b>as. In t ^ 

fiaure a resistance /?_ k in fh p p.mirrer lead and a con 


J \ ^ J 1.JL2W vil KS v* t W v/i 

figure a resistance R 0 is connected in the emitter . 

bination of and R 2 form a voltage divider in the oase circu 
When a current flows through /? e , there is a voltage drop 1 
direction which reverse-bias the emitter junction. But the emi 

iunc’ion must be forward biased fora transistor to operate 

active region of chara cteristics. For this purpose a base \o 


r 
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is obtained from the common supply V cc through 
tion. 


RiR 



bina- 



U) Self biased circuit 



(b) 



(c) 


(d) Equivalent circuit 

Fig. (13) Self biased circuit and its equivalent circuit. 

Now the net forward bias across the emitter junction is equal to 
base voltage [V b fig. 13 (</)] minus the d.c. voltage drop across R e . 
In order to Thevenizing the base circuit, we first break the base 
lead as shown in fig. (13 b). The open circuit voltage is 



{Vr h is generally denoted by V b ) 


\gain we reduce Vcc to zero as shown in fig. (13 c). Looking 
into the voltage divider, the Thevenin resistance is 

J? 7 v,=a parallel combination of 7?, and 



R _ R'R* 

Rrh R x + R 2 

This is generally denoted by R b . 

The equivalent circuit is shown in fig. (13 d). 


Hand Book of Electronics 

The reason that how the operating point stability is improved 
can be understood as follows : H 

Let ns consider that the collector current /„ tend to increase 

due to the increase in I Co (leakage current) because of temperature 

rise. Now this increased current I c causes an increased d.c. voltage 

drop across R e . This reduces the net emitter to base forward bias. 

As a result the base current I b is reduced. The reduction in base 

current causes a reduction in collector current. Thus the self biasing 

resistor R 0 reduces the increase in I c and improves the operating 
point stability. 

16 7. BIAS STABILISATION (Operating point stability) 

The application of proper bias in transistor amplifying circuits 
is essential since it specifies the operating point and hence the 
desired mode of operation. 

The properties of a transistor, the latter being of semiconduc- 
ing materials, are temperature dependent and thus transistor para- 
meters and characteristics are markedly temperature-sensitive. 
Unless bias arrangement is correctly designed these variations will 
shift the operating point and hence the desired mode of operation. 

It is, therefore, necessary to stabilise the bias in various transistor 
circuits. 


Due to the rise in temperature, thermal breakages of covalent 
bonds is resulted which gives rise to a leakage current. This leak- 
age current forms the one component of collector cur ent of a junc- 
tion transistor, the other component of which is dependent on base 
current and contributes all to the ampl fying properties. Leakage 
current is denoted by I Cn> the zero emitter collector current, and it 
varies exponentially with temperature. 

There is a further increase of this leakage current on account 
of the heating of collector junction. The transistor will be damaged 

if this current reaches an abnormal value far greater tl an safe 
collector dissipation. The process of developing heat by a transistor 
to an extent that it is destroyed is called thermal runaway. It is 
therefore, essential to limit the collector current to a safe value by 
providing protective circuiis. 

16*7-1. BIAS INSTABILITY IN COM MON BASE AMPLIFIER : 

A common base amplifier c rcuib is shown in figure 14. When 
emitter circuit is open, 
collector current consists 
only the component fo 
current due to reverse 
current of the diohe 
formed by the oscillator 
base junction. It si 
called leakage current 
represented by 7 Co . Tdis 
total collector current f 
is I C o. But when emitter 
circuit is completed, use- 

fu " current «/ e is also in- 
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eluded in /„, ie., 

/ c =a/„+/co. = 7c (ideal) + /co 

Relation shows that a change in emitter current, caused by an 
input signal, will produce an a change in collector current but I Co 
stands alone. Though Ico varies exponentially with temperature 
and even if it doubles with each 10’C rise ; n temperature for ger- 
manium and 6°C rise in temperature for Silicon, it is still negligi- 
ble as compared to a f t . / c „ for such configuration is always of the 
order of p4 while l c may be of the order of mA. For example, at 
25°C, Ico is pA which is negligible as compared to I 0 order. 

Since / Co is small, bias instability is least in common base 

configuration. 

It is worth noting that at room temperature I Co in silicon 
transistors are much smaller than in germanium transistors, and 
so are widely used. 

16 7-2. BIAS INSTABILITY IN COMMON EMITTER 

AMPLIFIER : 

The case of common emitter circuit is most important to be 

considered since it is widely adop- 
ted in practice particularly because 
of its high power gain. 

We know that emittercurrent 
is equal to the sum of the base 
and collector currents i.e., 

h—hA-h-. 

The collector current is 
7 ( =af a -(-/co 

/„=«(/•„ 4 - 4 )+ / Co Fig. 15. Common emitter ampU- 

h (1 — a )=«4 + /c<, 6 er with fiixed b ‘as. 

, a r i 1 r 

lc ° 

=* ( T=3o 7 * + [ 1+ (r=^-] /c ° 

=P4+(l+P)/ Co 

— P/ft + Z'co. 

where p is current gain and I' Co is the total leakage current in 
collector circuit. 

The bias instability depends upon l' Co which in such type of 
amplifier, can assume a value of the order of 300uA at 25°C rising 
to 3 mA. at 60 °C. Since it is comparatively higher than signal 
current, bias stabilisation is essential in common emitter configura- 
tion. For this purpose, protective circuit should be provided. 

16 8. STABILITY FACTOR : 

A stability factor, 5, will be developed which relates the varia- 



f 
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tion in output current to the variation of 7c 0 . This is defined as 
the rate of change of collector current /<, with respect to leakage 
current I Co keeping p and V BE constant i.e., 


S 


dig dL Z)7 


^- 77 -; P, h constant. 


dlco dI Co ~A t Co 

Smaller the value of S, less is the thermal instability. Hence 
S should be kept as small as possible. 

For stabilised circuit, dl e < dI Co and S < 1 ; while dl e > dlc 0 
and 5 > 1 for an unstabilised circuit. 

Now we shall proceed to determine the thermal stability of a 
particular amplifying circuit. 

16 9. STABILISATION BY COLLECTOR BASE 

RESISTANCE (Self Operation) : 

The collector current is given by 

Ic=Plb+( 1 + P) lco 
If temperature rises 


leakage current 7'c<>wil] 
increase. An increase 
in I' co will develop more 
voltage across R e and 
hence the collector vol- 
tage will become more 
positive. The result of 
this increase in collector 
voltage is to reduce the 
base current I b and 



— v cc 


Fig. 16. Self bais operation. 

hence the useful component $I b . This decrease in total collector 
current I c will decrease the voltage across R e and previous 
conditions are again restored. This explains stabilising action. 

Mathematically conditions can be derived as follows : 
Collector supply voltage 

V ce =I b R„ + ( < I b +lc) R e . 

But 7 c ==p7 t> + (l+P) 7co 

T h - 0 + P) lco 

- , 

v ee = l b (R b + Rg)+I e R e 

_[7«--(_L+PL/co] + [ c r 0 


or 


• # 


+ 'Co 


Rb~\~ Ro 


p 


.*. l'[Rc+Rc (l+P)]=PK-.+(l + P) 

Differentiating with respect to lco 
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— [i? 6 -f-/? c (I + ?)]=(&+*.) U+0) 

. dl e (R b +Rc)( 1+0) (1+0) 

•• 3/c.“>fc + /fe(l+^ , , 

Obviously, from above equation 5 < I, which is for stabilised 
circuit. For better stability, (3 should have high value, R e large 
and R b small. Values of R b and R c are, however not chosen purely 
by the condition of bias stabilisation, but P b (base bias resis- 
tance) is determined by collector supply voltage and bias current, 
and R e is determined by collector supply voltage and collector 
current 


Example 1. A PNP with (3=25 is used in a common emitter 
amplifier with collector to base bias. The collector circuit resistance 
Rc=2-5KQ and F C< . = 10F. Assuming Fb £ =0, find (a) suitable 
value of R b so as to make quiescent collector to emitter voltage 
Vce— — 5V ( b ) the stability factor S. 

(a) The collector current /„ flowing through R c is given b* 

, -v ce -v e0 —10 — ( — 5) 


Now L— 


h 

p 


Rc 
— 2 

25 


2 5 x 1 0 3 


— 2 mA . 


80 pA ( Ico is assumed to be negligibly 

small) 


According to the given problem, ^=0, hence 

Vco — V be -5-0 




Is 


-80x10-" 


62-5 KQ 


(b) We know that S— 


o+P) 


1+P [Rcl(R b +Rc)l 


Substituting the given values 

1 + 25 


"1+25 [2-5 X 107(62-5 X 10 s +2-5x 10 3 )] 

?6 2 6 __ 13.^2 

“ 1 + 25 x (2* 5/65) P96 

16 10. STABILISATION BY POTENTIAL DIVIDER AND 

EMITTER RESISTANCE : 


In fig. 17, R-C coupled common emitter amplifier is shown 

. i and J{ 2 form a potential divider arrangement. R, is a resistance 
in emitter lead. 

Emitter voltage is practically equal to the base voltage the 
latter remains constant so long as I b is constant. When tempera- 
te rises, leakage current increases and emitter voltage tends to 
approach base voltage, so that base emitter voltage becomes zero 
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S’currtn^H b °! h £ and 4 and each checks the increase in coliec- 
tor current due to I c 0 - 

tinn ? raCt i C u baSe volta S e is not constant because of the varia- 
possible^ an< ^ bence cora P^ ete stabilisation of plate current is not 



F'g 17. R-C coupling C-E amplifier with biassing arrangement. 

Mathematically the condition can be described as follows : 


or 


From figure 


Therefore 


and 


Ic — /?/&+(! -f/3) Ico 

I\ — Ib-\- Iz 

Ib = I^ — I 2* 

Ic—P (/i-/ 2 ) + (l+/J) Ico 

Vfg = j- R„T 2 . 

Multiplying equation (3) by R u 

IcR^R, (A - 4) + i?, (l+p) Ico 
and equation (4) by p, 

PVeo = PhRi + Wi- 

Subtracting (5) from (6), 

PFfe I e Ri=f3l2 (-Rj-f-iA) — (1+A> Ico 
or P V eo - R x [A— (1 +/3) 7c 0 ]=p/ s (Rz+Rz). 

Since voltage drop between base and emitter is very small, 

I 2 Rz=IiRo 

j I*Rg 

•*2 — 


...( 1 ) 


...( 2 ) 

...( 3 ) 

...( 4 ) 


...( 5 ) 

...( 6 ) 


...( 7 ) 


or 


i?2 


But 7 0 =7j,-f7 B . Putting this value of I» in the expression for 
/„ we get 


A 


(7> + 7 e ) R, 


R 


Substituting this value of 7 2 in equation (7), we get 
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or 


P v '*-Ri [/.-(l+ft ico]=^^±*Xfii+R 2 ) 

= (R,+R 2 )BRJc{ R 1 + R 2 ) 

Rz R 2 • 

from equation (1), we get 

— 4) (l+P) / c ». 

Putting this value of p/ 6 in equation (8), we get 

[/«-(». +P) fr,,]--* [^-(l+P) /C,] (/?!+-/?») 


...( 8 ) 


+ 


PRJ e (Ri 4 - R%) 


PKc 

Rz 


[I c ~ (1+P) I Co] ~ CA.-C1 + P) 7co3 




(R t +R 2 ) 


r g a (#h 

[ T R t R 


+Rz) PR e (Rx+R 


+ 
PK 


R 


^+R- )1 

i R, J 


Let 


RiRt 

Ri+R z 


] 


R>, 


i«+5«+»]-^+ ( i+»*. ['+!*]. 


Differentiating with respect to 7c, 

0 t[ i+ £ (, +«H l+ f |(l+w 


a/, 


( * 0+P) 

Stability factor S= - — 5—^ 

R 


l+^d+P) 

Kb 

(l+P) 


1 + 


PRe 

Re~hRl> 


...( 9 ) 


Equation (9) shows S to be less than one— the value demanded 
by stabilisation. To secure better stability, p and R„ should be larce 
but R b should be small. S 

The important feature of this method of stabilisation, in 

contrast to previous one, is that R b (hence /?! and R 2 ) and R 0 can 

be valued within large limits to obtain desired stability, S is 

improved if R c is increased but too high a value will also limit the 
collector current. 
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Example 1. In a self bias circuit of fig. (17) a silicon NPN 
transistor is usedwith j8 = 50, V ba =0-6V, V ec = ISV and R e =4-3KQ. 
It is desired to establish a quiescent point at /„ = 1 • 5 mA, 
and a stability factor S ^ 4. Find R e , R x and R % . 

The current through R 0 is I c +I b zz I c V h < U 


or 

or 


The current through R 0 is / e +4 St 

o „ V ce -V e , 18-10 


Rc~\- R 


15x10 


-8 


5 33 KO 


4-3 + 7?,= 5-33 
5*33 —4-3=1 -03JKQ sr 1 KH. 

N ° W S ^l+^ ( Re!(R e +R b ) 

Solving of Rb/R c s we have 

R b a + PWS-1) (1 + 50) (4— 

Rr (l+P-5) “ (1+50-4) 

R b =R a x 3-25 = 1 x 3-25 =3-25/:/? 


h 


Ic 

p 


1 ’5mA 

~50~ 


30 fiA 


For a self bias arrangement, 

v V 4 ^ O « ■ 


Th 


t—r-Vcc and i? rA 






i?l + 7?2 


Solving we get, 


r n ft i ft /?! Vb 

[R x = R b y- and R 2 - 

A’SO Vb — tb 7?6+ Vbe — (lb + Ic) Re 

Substituting the given values, we have 

n=(30x 10~«) 3-25xl0 3 +0-6 

+ (30 X 10' 8 +l*5 X 10“ 3 ) (1 X m 

= 2-23 volts. 


Hence 


= W2= 26-23102 


, d 26*23x2*23 * ^ / vTifO 

and *■= 18— 2'23 W3=3 7Ki3 - 

Example 2. A common emitter power amplifier uses an NPN 

transistor having a=0-95. It is operated with /, = 50' 0 t0 

V ec — \5 volts. Collector reverse saturation current is tuc 
vary from 5 to 15 mA over the working range of te ’f[. erc i r / 
If the variation in the collector current I c is to be kept within ’ 
design a stabilizing current using self bias such that the vo/Mge 
in emitter circuit is not appreciably more than 5 volts. s 
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«d/c,=( 15—5) 


10 mA and AI C should not exceed 50mA. 
M c 50mA. 


A Co ~ 10 mA 
This is the maximum value of stablity factor. 
The maximum value of R 6 is given by 

D __5 volt_ 5 volt_ 5x095 

Ke ~T e ' 47^r _ '500xTo~ s 

For better stabilization, R 0 may be used as 1G£J. 

* 0’95 


Now 


P = 


1 -a - 1-0-95 


19 


We know that 

r. 1 4~P 

1 -f .Rol(R<>~i- R») 

Solving we get 

R b (1+P) (S-l) (1 + 19) (5-l> 16 

R» “ (1 + p-S) fl + 19-5) 

/? s = /?gX ( i6/3)= 10 x(16/ ‘)=53'3(? 

Assuming F,, 6 =0, V b = voltage drop across R*= 5 volt 


But 

II 

*4. 1 

T 

II 

15 R t 

R i + 2 


* 

, 15 K s 



% % 

Ri+R* 



Again 

** Rt+R*~ 

= 53*3 

...(2) 


Solving eqs. (1) and (2), we get 

/> 1 = 159G and R 2 ^ 79 5Q. 

5611. TWO BATTERY BIAS STABILISATION ; 

In fig. 18, emitter bias is supplied by one battery of potential 
V\ through resistor R x and batteiy supplies potential to the 
collector through resistor /?«. 

If R t is sufficiently large 
compared to r c , the internal 
emitter resistance, and the 
total resistance in base circuit 
is not excessive, the emitter 
current will be relatively cons- 
tant. Since in junction trans- 
istors collector current is 
essentially independent of col- 
lector potential, the collector 
potential will remain constant. 

To achieve such an arrange- F'S 18. Two battery bias stabilisation, 
ment, large power is dissipated in stabilising resistors. 

*6 12 BIAS COMPENSATION 

We have seen that a fixed bias circuit has a poor operating 
point stability while self bia9 circuit has better operating point stabi- 
lity. In self bias circuit, the current f t varies in such a way that I* 
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remains constant inspite of variation in 7 Co , V be and p. In some 
applications, it is found useful to employ compensation techniques 
to reduce the drift of operating point. Very often both stabilization 
and compensation techniques are used to provide maximum bias 
and thermal stabilization. The bias compensation methods are 
discussed below : 

(1) Diode compensation for Ic 0 — In case of a germanium tran- 
sistor, the change of I Co with tem- 
perature contributes more towards 
change in I e . Fig. (19) shows the 
circuit of a germanium transistor 
amplifier with diode D used to 
compensate the variation in Ico. 

A diode of the same material as 
the transistor is reverse biased 
by the base- emitter junction vol- 
tage V le , allowing leakage 
curient /„ to flow through diode 
D. The principle of this method 
is that when any change in tem- 
perature causes the increase in 
Jc 0 , the leakage current 7 0 in 
diode D also increases in such 

a way as to keep I b constant. Fig. 19. Diode compensation for 
From fig. (19), germanium transistor. 



r Vco—Vbe Vcc 

A = — 2 — = constant 

Ki R x 

and h—f — f 

We know that /„=(l -FP) /co+PA 

or 4=(l+P)/co + P(/,-/ 0 ) 

or A=(l -FP) — PA 

If p >1, then I e = p Ico+Ph— p/ 0 

So if I n of diode and I Co of transistor track each other over the 
desired range of temperature, then I e remains essentially constant 
as A is constant. 


(2) Diode Compensation for \ b6 — In case of a silicon transis- 
tor, the change of V b0 with temperature contributes significantly 
to the change in collector current. Fig. 20 (a) and (b) show the 
circuit diagram and equivalent circuit for self bias circuit with 
diode compensation for V be . 

The diode D is forward biased by the source V d d and resista- 
nce R*. Diode D is of the same material as the transistor so that 
the voltage V d across the diode has the same temperature coeffi- 
ciem as V ba . From base circuit, we have 


Vb— V bt +V d =l b R b +(I c +I b ) Re 

A = (l — P) /c 0 -hPA 



( 2 ) 



But 


• • 
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(b) Equivalent circu it 
Fig. 20. Self bias circuit with diode compensation for V b$ . 

Eliminating 4 from eqs. (1) and (2), we get 


y b — y lo^r y d 


u 


R b +R, n-p) 


4-(7? 6 +/? 0 )I^ ho 

V[K-(V be - V d )l + (R b + /? e )( l 4 p )Jc„ 

R b +R e ( 1+G) 


•• ( 3 ) 

Since V Le tracks V d with respect to variations in temperature, 
it is clear from eq. (3) that 4 will become insensitive to variation 
in V be . 

1613. CURRENT AND VOLTAGE AMPLIFIERS : 

Voltage amplifiers : The prime requirements for voltage 
amplifier are : 

ta) when a signal generator is connected at its input, gener- 
ator voltage should not change. For this condition to be satisfied 
input resistance (r ( ) of the amplifier should be high ; 

( b ) any change in load resistance should not affect the out- 
put voltage of the amplifier. This condition demands that output 
resistance of the amplifier (r 0 ) should be low. 

For class A amplifiers, r< ^ °° and r 0 < 1 k& and therefore 
this stage can be regarded as voltage amplifier. 


H/GS* ^ 


VOL T^6£ 
Am PL /- . 

Pi£ * 'L 


LO*/ fL 0 


Fig 21. Pictorial representation of the voltage amplifier conditions. 

Out of three configurations, only common collector amplifier 
has a high input resistance and a low output resistance and is 
therefore, operated as voltage amplifier. 


762 ry _ 

Hand Book of Electronics 

fier areT”' ”” Plifi " ; The essential featur « of a currenl ampli- 
rato/currem e Jhrt.a!f na * 8 £ n«ator is conceded as ils input, cene- 

value of input resistanceV') ha ° 8e ' ^ condi ' ion demands low 

put current" / f'Zfju '° ad resis ‘ ance should not affect the out- 

penden, of io a e d V“SLe Urr rL°^ h a-, amP i, ifier S J’° Uld b * 

of output resistance ("of th ^1^.'° " d£mandS 2 hi * b Val “' 


C Ov* * 

■f 


AMPl f - 


sr/es? # 


Fig. 22. Requirement of current amplifier. 

smalHnDut'rptsist^ 86 and j common emitter amplifier stage have 

confiaSonfserv eand bi « h 0U 'P« «sistauce. Thus both 
tonngurations serve as current amplifier. 

6 H RESISTOR M ° N EMITTER AMPLIFIER WITH EMITTER 

Derature m!!!,' 1 * 131 transistor parameters depend upon tem- 

from device^ to ^ P° ,nt > et c. Moreover, the parameters diffei 

volte ee nain - even for type of transistor. The 

cain a * r . e ^ ore > ls not stabilize. To stablfce the voltage 

The emitfpr ! s lncludc ^ in emitter circuit as shown in fig. (2 3a) 

siabiliTati^n S r Stor 1 P ro< ^ uce ? inverse feed back which causes the 

n v °ltage gain. Fig. (23d) shows the equivalent 



Fig. 23. (a) CE amplifier with emitter resistor R e without base 

biasing network 

circuit. The current in load resistor R c [fig. (2 a)] has been shown 
as A if ib where Ai e is the ratio of collector current to base current 
i.e., Ave= iclfb' Now the current in JR e is (1 — A ie ) i b . Jn fig. (23 b\ 
e emitter resistor R e has been replaced by two resistors as (1 —A f g)R$ 
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(b) Small signal equivalent circuit 
Fig. 23. Common emitter amplifier with emitter resistor. 

in base curcuit and \)Re!A ie in the collector circuit. If we 

apply Kirchhoff’s voltage law to collector circuits of fig. 23(a) and 
(b), the collector current is the same and hence the two circuits 

are equivalent. 

(1) We know that the current gain of a common emitter 
amplifier is given by 

. _ — hfe 

Aie ~l + h oe R L -U) 

where R L is effective load impedance. 

The effective load impedance in our present case is given by 

n n ■ (Aj.— W Re 

Substituting the value of Ri from eq. (2) in eq. (1), we have 

— h/e 

Aie ~ 1+Aoa l Rc + {(^e~ r i)Re}IA U ] 

Solving this equation for Au we have 

/lofl Re 

1 A" (Ro^Re) 

The input resistance R ie is given by 


ie 


...(3) 


( 2 ) 


Ri 


6 


?~(1 

h 


Alt) Re-\~hi 6 -\-h r oAteRl 


or 


Ri 


6 


(l-A u ) R'+hu+hr'A,^ R ( + {A< ^ - -/?,] 


...(4) 


(3) The voltage gain is given by the expression 

j Ai 0 .Rc 
Ave — ^“5 9 

Rie 

where A it and Rie are values as given by eqs. (3) and (4). 


...( 5 ) 
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The output impedance R oe of this amplifier is given by 


- ^ 

Roc=h 0 -'+(Rs + thc)[ where ( R e > R s +h lt ) 

16 15 p SI oT^ IFIED COMMON emitter hybrid mode ( l 

emitte'^hybrid^Jdeh 11 equivalent circuit of a common 



Fig, 24. Equivalent circuit of a common emitter hybrid model. 

sing the above equivalent circuit, we have calculated voltage 

gain, current gain, input impedance, and output impedance, etc. But 

mos practical cases, it is justified to obtain these values approxi- 

? y rather than to calculate them exactly by lengthy and tedious 

ana y sis. This is true because /z-parameters themselves vary 

wi e y or the transistor of the same type. The following appro- 
ximations are taken : 

(i) As l/h 0 .^is in parallel with R L , the equivalent resistance is 

a paral el combination of R L and I !h 00 which is approximately 

l it i//ioo > Rl i e. y h 0G R L 1 . So if this condition is satisfied, 

we may omit \/h 00 from the circuit. Under this condition, the 
collector current i e = h f ,.i b . 

(ii) ^ The magnitude of the voltage of generator in emitter 
circuit is h ro v 0 — h ro i c R L —h ro h/ 6 R L i h . Since fi r0 .h/ c ~O‘Ql and 



^1?. Simplified common emitter hybrid model. 
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hence this voltage may be neglected in comparison with h te 1b drop 
across hi e provided that Rl is not too large. 

Thus we conclude that if R L is small, then we can neglect li r » 
and h 0 , from the exact equivalent circuit. Now the approximate 
equivalent hybrid model at low frequencies is shown in fig. (25). 

16 16. EFFECT OF AN EMITTER BYPASS CAPACITOR IN 
LOW FREQUENCY RESPONSE 

Fig. (26) shows the circuit of a common emitter with a resistor 
R e and capacitor C 0 in the emitter lead. The aim of this article is 
to consider the effect of C e on the low frequency response. Here 
we assume that the parallel combination of R t and R ? is much 
larger than input resistance and hence the voltage gain is unaffec- 
ted by the presence of R x and R*. They provide a self biasing 
arrangement 



Fig. 26. Circuit of a common emitter with resistor 
R t and capacitor C«. 

An approximate small signal hybrid equivalent circuit at low 
frequencies for the common emitter amplifier is shown in fig. (27). 



Fig. 27. Common emitter equivalent circuit. 


v 
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From fig. (27), v 0 =~h fa i\R L 
The value of i b is given by 

• es 
b Rs + Bi 

where, for common emitter with an unbypassed R a , 

Ri =h i0 +(1 +h t6 ) Z e . 

Here Z e is a parallel combination of R, and C„ i.e ., 

^ Rn 


..(1) 


..( 2 ) 


..(3) 


Z 


i +jcuC c R 


• ( 4 ) 


• • (ii) (iii) * v o hfe Rl • — 

_J_( • +hfe) Re 

s+h,,+ T+ Ja c./t. 

Now voltage gain at low frequency is given by 

(*vc)L.F. = ?*-= ~ h '° R L 

e S Pi i, ill +^/a) Re 


Rs+h i9 + 




(d v e)LF. = ~ 

e s 


...( 6 ) 


'^1 +jwCJt* 

when &> is large, i e. y at mid frequency range, the voltage gain is 
given by 

W " )a ,f= r!tE7- ...(7) 

16 17. HIGH FREQUENCY EFFECTS AND HYBRID 

PI MODEL : 

The aim of this article is to consider the equivalent circuit of 
common emitter configuration which is valid at high frequencies. 
At low frequencies a transistor responds instantaneously to changes 
of input voltage or current but at high frequencies, the mechan- 
ism of transport of charge carriers from emitter to collector is 
essentially one of diffusion. The diffusion involves time delay. So 
at hi ch frequencies the diffusion mechanism should be taken into 
consideration. The diffusion analysis is very complicated. Here 
we shall describe the hybrid tt model or Giacoletto model of the 

transistor in common emitter configuration at high frequencies. 

This model is simple, accurate and gives result which are in good 
agreement with experiments at'all frequencies and hence popularly 
used. Following assumptions are made in this model : 

(i) All the parameters (resistances and capacitances) are 

independent of frequency 

(ii) The resistive component in this model may be obtained 
from the low frequency h parameters. 

(iii) The parameters may vary with quiescent operating point 

ut under given bias conditions they are reasonably constants for 

small signal variations. 
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Fig. 28 (a) shows the hybrid 71 model for a transistor in 
common emitter configuration and fig. 28 ( b ) shows the ohmic 
base spreading resistance r bb ' and virtual base B'. 



(a) Hybrid * model for a CE amplifier. (1 ) Showing virtual base. 

Fig. 28. 

Different parameters : 

The Hybrid n Capacitances. Using a PNP transistor, when 
the input voltage increases, there is an increase in hole density 
in the base. To maintain the charge neutrality, electrons enters 
the base. When the input voltage falls, the stored charge returns 
to the circuit. Thus there is a charge flow or current which occurs 
with change in voltage. To represent this charge effect, we place 
a capacitor C b ' e (diffusion capacitance) between B' and E. 

The depletion layer of collector-base reversed biased junction 
also acts as a capacitance and is shown by C b e between B' and 

C. 

Base spreading resistance. The two capacitances discussed 
above have a common terminal at B' and not at the base termi- 
nal B. B' is known as internal node and is not physically 
accessible. The ohmic base spreading resistance r bb ' is represented 
as a lumped parameter between external base B and internal node 
B'. This represents the bulk resistance of the base and is the 
portion of the base through which the base current proper flows. 

The increase in the minority carriers in the base results in 
increased recombination base current. This effect is taken into 
account by inserting a resistance r b ' 0 between the internal node B' 
and E. 

At low frequencies, hi 0 =r bb ' + r b ' e . 

The varying voltage across the collector to emitter junction 
results in base-width modulation. A change in the effective base 
width causes the emitter and collector current to change. This 
feed back effect between base and collector is taken into account 
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by connecting r b ' c between internal node b' and C. This resistance 
is c>pically 4 M ohms and can normally be omitted. 

Resistance r ce is the output resistance. When a load is connec- 
ts between collector and emitter, this resistance may be omitted 
because r co > R L . 


Current generator. The term v b ' 0 represents the voltage across 
the emitter junction. For small changes in v b6 across the emitter 
.junction the extra minority carrier concentration injected into 
base region is proportional to v bc . Corresponding, small-signal 
collector current with the collector shorted to the emitter is, 
therefore, proportional to v b r G . This effect accounts for the current 
generator g m i y, across the terminal C and E. Here g m is the 

transconductance. 

16 18. RFLATION BETWEEN HYBRID rr CIRCUIT 

COMPONENTS AND LOW FREQUENCY 
h- PARAMETERS 

(1) Transistor mutual conductance g m — Considering the case 
of a PNP transistor in common emitter configuration, the collector 
current is given by 

U — ico —cki 0 

In this case, the emitter is forward biased while the collector 
is reversed biased. The transconductance is defined by 

dje_ 

dv„ •••(!) 




dir. 


a 


01. 


a 


dV b „ v cs dv b 'g cv e 

where v c is the voltage of emitter with respect to B’ and is equal 
to —v b \. It is assumed that a is independent of v„. 

The emitter diode resistance r e is given by 

dv„ di t _J 

~ r e 


r 


i.e., 


' di a ■ — ’ dv s 

From eqs. (1) and (2), we get 

gm=a/r«, 

We know that 


.. ( 2 ) 


.-.(3) 


i~ e a n exp. ( VgjvT ) Ebers-Moll Equation 

where v? is the volt-equivalenLof tempeiature and equals kT/q, k 
being the Boltzmann constant in joules/K. 

At cut off, 

dv e vt vt 

a^fluexp. (Vg/v T )~ig 

° 0 « I Co — ie 

vt vt •••(4) 

For a PNP transistor i t is negative and since j ic* ! ^ I /e 6 
we have 


di 


F m 
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8m^ 


i « 


Vt 


/w ' — ( • - Vt 

~TI 11600 v ’ 


r/ 11600) ...(A) 


For / c =l m/f, g m ~40 mSl- 

<2\ Resistance r 6 ' f — Fig. (29 a) shows the hybrid n mode 1 JJ 
low frequencies where all capacitances are neglected and 
gives the equivalent circuit of same transistor at low frequencies 

using h parameters. 


3 


bb 


B' 


be 


£ 


B 


% 


be 


9 z£, 

o 'trv 6 C 


(a) Low frequency hybrid n model 


A 


ze 


ce 


£ 


he 




'oe 


e 


(b) Low frequency h parameter model. 

Fig. 29. Low frequency hybrid * and h parameter models. 


The reverse voltage gain is given by 


hr 


with i b = 0 

Vco 

rb'e 


or 


rc r^o+rbe 

hre r b ' c =r b ' e {l~h re )=r b ' t 


(’.* 1 ^ ^re) 


or 


rb ' e ~h r » -W 

(3) Resistance »y.-In general ry, >r b ' e . Hence almost the 

/ . * x _ — ' r. ^ « U 4 At / « a / 


rh'« 


E 


..(5) 


complete base current 4 flows into <? so that v b f en ^i b ,r b 0 . 
The short circuit collector current /« is given by 

4 = 8m* fr , • 4 • 




r 
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But the short circuit current gain h„ is defined as 


h,.=‘‘r- 

h 


v 


06 


Stn •lb» r fo r q t 

Y b “ ~groTb e 


r b'e = h/ e /g m 


tance of the transistor ^h *™ me l eT h h <* foT ™ the input resis- 

V c £> r b ' 8 , hence rl ii ~ c £ omes ! D P araJ,e i with r b ' e 

is approximately r 6& '+r 6 ' fl 6 0 r *> «• N °w the input resistance 


• • 


or 


hie — f’n'-hr’b'a 

r bb'=h ie —r/ > ' e 


(5) Resistance r 


...(D) 


Again 


.a-For this input shorted, i.e., 4=0, we have 

V ce . V cs 

...(7) 


• ^£a V ce 


6 h r6 ,V C0 


From eqs. (7) and (8) 


...( 8 ) 


h 


06 


or 


h 


oe 


or 


h 


oe 


Je 1 1 

'»« == ^ + 7b> 0 +r b ' e +8mh ' * 
1 1 

r £e + r7 f +8 ” hre 

l + + gm-— 9 

r ce r b e fh 


6 « 


r b ’c > r b ' e 


or 


hoe 


1 


1 


ce 


+— +— 
r ce rb'cr b ’ c 

[hoe~{(l +h/ e )lr b c}] -1 


[using eq. (B)] 

[using eq. (Q] 

...(E) 


the emi tter ncHnlrf Ct> A- Tllis is tIie diffusion capacitance across 

emitter junction and is equal to C b ' e . This is given by 


C 


b 6 


gm 

2 vf T 


...(F) 


"u h r?enfglin‘dropl q to e ^,y' Which common emi<,er siort circui * 

is nothimfhn? c*tance C B ’ c . The collector junction capacitance C B ' e 
ooen cirrMiit^ri • C c . om ™ on base output capacitance with the input 
Es S and » u ? ua ‘ J y s P e cified by the manufac- 

active reeion tf, nCe ^, e collector junction is reversed biased in the 
varies wh?rf »-! the 1 transition capacitance and, therefore 

espeotively. Hence C b ’ c = kVc -n where k £ a cons f ant . 
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parameters 


odel at high frequencies : 


Parameter 

Expression 

fpm 

| ic |/ v r=| ic |/(r/11600) 

ry$ 


toy 

hie-r b ’ g 

T b 'c 

Tb’elhre 

I r ce 

i r 


gm/2n/r 

I Cb'C 

kv ce ~ n 


FvamnU 1 The following low frequency parameters are known 

for a transistor it i =10 rnA, v^XOV and at 

h ie = 500ft, 10“ 5 mhos 

hr,— 100, h rt =\0 4 

At the same operating point, / r = 50Af Hz and Gt,=3PF. Com- 
pute the values of all the hybrid parameters. 


10x10-* 


gm 

r b 'e 

rp»- 
r b’o 

r ee 


-=385 


hos. 


\Jo 

0-026 0 026 
h,Jg m = 100/385 x 10“*= 260 oh 
hil—rb'« =500 — 260=240 oh- 


r ^«= 26 °/ 10 " 1=2 ' 6 M oh 



( 1 + hfe) 


r b ’ 



10 -*--. 


(l+ioo) 

2 - 6x 10~* 


c b ’,=gJ2irf T 


1619. 


=833K ohm 

385x10-* 

"lx 3- 14x50x19“' 

=1224 PF 

Ci , l= Specified by manufacturer as Co» = 3PF. 

COMMON EMITTER SHORT CIRCUIT CURRENT 

GAIN USING HYBRID PI MODEL 

Consider a single stage of CE transistor amplifier as shown 
in fig. (30a). The load Rl on this stn?,e is the collector circuit 
resistor, so that Rc=Rl- I q th' s section we assume that /?i=»0 
i.e., with the output short circuited. In next article we shall take 
the’analysis when Ri.y ± 0 The approximate equivalent circuit from 
which short circuited current gain is calculated is shown in fig. 

(30 h). 
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(a) Single stage CE amplifier 



(.b) Approximate high frequency circuit. 

Fig. 30. CE amplifier 

The following assumptions are made : 

r vc > ry D e< ^ u * va ^ ent circuit, the resistance /y a is neglected as 

circuit res * s * ance r «« disappears as it is in shunt with a short 
3. R c =R t = o. 


From the equivalent circuit, ir=—s m tv„ 
The value of is given by S 6 ' 

= _ ii 

" (i/r^+jco (C b , e +C b > e ) 

From equation (I) and (2), we have 

— > ' Sm ii 

TK» a.h • • ^■l r *'e)- s rjaj ( Cy e + Cj/ e ) 

The short circuit current gain is given by 

Ai — ~ 8m 




.. ( 2 ) 


...( 3 ) 


...( 4 ) 


...(5) 


where 


U 
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We know that r Ve =h fe lg m 

. A —gm hfe 

1 gm-\-j<*> (Cb'e-\-C b ’ e ) hf e 

—hf» 

l+W (C b ,.+ C b c ) hfe/gm} 

hfe 

~1 +j(M) ...(5) 

Where /p== hfe.2n 8 (C Ve +C b e ) 

Here we consider the following two cases : 

(i) when/=0, A,= — hfe, which is in agreement with the 
definition of hf 6 at the low frequency short circuit CE current gain. 

(ii) wben/=/p, Ai= — h fe l\12 i .e.,fe forms the frequency at 
which CE short circuit current gain falls \/y/2 of its low frequency 
value i.e., falls by MB. The frequency range upto fo forms the 
bandwidth of the amplifier. 

Frequency parsunerer fr— The frequency f T is defined as the 
frequency at which the magnitude of CE short ciicuit current gain 
falls to unity. 

Putting l Ai |=1 in eq. (5), we get 

hte = 1 +j ( /r//fj) ( *.* f-fr) 

or hfe—frlfp V h te > 1 

• • fr—hfefp ...(6 

Substituting the value of fo in eq. (6), we get 


or 


r i & tn $ tn ^ 

jT ~ '* h, 6 . 2* (C b 'e+C b ' e ) ~2nC b ' t 

Substituting eq. (6) in eq. (5), we have 

. hfe 

* ~ 1 +J hfe ( flfr) 


( v CV, > c Vt 


* l +j hfe (f/fr) ...(' 

fr forms an important parameter at high frequencies. The valv 
of f T depends on the operating conditions of the device. The 
versus i c (collector current) curve is shown in fig. (31). 

400 \ — i 1 1 


300V - 


200 


I 

< 


wo 



10 100 

i c (log. sca/ej nA 


woo 


Fig. 31 (a) The f T versus « c curve at high frequencies. 
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fig *. (31 ^>* A * expressed in decibels ( i.e ., 20 log | A { I) is 
plotted against frequency on a logarithmic frequency scale. 



Fig. 31. ( b ) Variation of At (, dB ) with frequency on log scale. 

We have the the following cases : 

an d A { (dB) approaches asymp- 
totically the horizontal line A t (dB)^ 20 log h f6 

(ii) when /> ff>, | An r* f T ff so that 

Ai (dB)— 20 log f T — 20 log/. 

(in) when f—fr, A { (dB)= 0. 

(iv) when / f,, the plot approaches as an asymptote to a 

straight line passing through the point ( f T , 0). 

The intersection of the two asymptote occurs at a corner (fre- 
quency /=/„) where A t is down by 3 dB. Hence /« is called as the 
3 dB frequency. 


6*20. HIGH FREQUENCY CE 
TIVE LOAD. 


CURRENT GAIN WITH RESIS- 


Consider a single «tage of CE transistor amplifier with resistive 
load R l as shown in fig. (30a). When the transistor works into a 
resistive load, the equivalent circuit is shown in fig. (32). 



Fig. 32. Equivalent circuit of CE amplifier with resistive load. 
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The capacitance Cy e can be considered at the input side by 
applying the Miller’s theorem. Miller’s theorem states that an 
impedance Z connected hetween input and output can be replaced 
by an impedance Z/(l — A) at the input side and an impedance 


ZA/(A — 1) at the output side [see 
fig. (33)], where A is the voltage 
gain. Refering to fig. (32), the 
voltage gain A=v ce >lvy e =~g m R L . 
At the input, the impedance 
is smaller by a factor (1 — A) 
and hence the input capacitance 
is larger by a factor (1 —A). So 
the capacitance Cy e can be rep- 
laced by C yo { 1 ( gm Rl)} i e., 
Cy e ( 1 +gm Rl) at input side 
and a capacitance Cy e (-f g m Rt) 
( 1 +gm Rl) at the output side. 
When A > 1, the value of capa- 
citance at output is nearly Cy c . 
This small value of capacitance 


Z 



in parallel with a low resistance Fig- 33. Showiug Miller’s theorem, 
Rl has a negligible time constant A=v 0 /v t . 

with the input time constant and he^ce can be neglected. Now the 
equivalent circuit of fig. (32) can be expressed as shown in fig. 



Fig. 33. Approximate model showing an additional capacit&rce 

Cye ( 1 +gm Rl) at Inpat due to Miller effect. 

The capacitance C at the input aide is 

C-=Cy e A~Ct,’a (l+£m Rl) -‘(1) 

This represents a considerable increase hi capacitance at input 

side. 

The value of load current it is given by 

gm Vt'e 

h 

(l/tVa)-h/« [CVa-f-CVo ( 1 +£*»/?!.)] 


Again ty 0 


...( 2 ) 
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or 


v b 


! r b , e) J tjcJoC 

From eqs. (2) and (3), we have 


•••( 3 ) 


j 8m U 

( 1 l r b'e) -j-jojC 

The current gain is given by 
At— Sm 

it 

We know that r b > e =h fe lg m 

• a Sm hf e 


Ai 


where 


fa 


8m~\-jtuC.hf e 1 -f 

-h„ 

1 ~hj InfC (hfc/gm) 

_J_ Sm 1 

2vC hf e 2 vC ry e 


— hfe 

1 +juC.(hfe/gm ) 

—hfe 

rm) -1 +j if/fa) 


...( 4 ) 


...( 5 ) 


At/=0, At — hfe (same as output short circuited) 

At f=f H , Ai = -hfe/V2 

Thus /// forms the 3dB frequency. 

16 21. EEFECT OF SOURCE RESISTANCE ON FREQUENCY 

RESPONSE OF CE AMPLIFIER AT HIGH FRE- 
QUENCIES : 


In previous article, we have assumed that the current source 
is ideal i.e. the source resistance R s to be infinity. In this article 
we consider that the source has a resistance R$. The main aim 
here is to consider the effect of source resistance on frequency res- 
ponse of CE amplifier at high frequencies i.e., how the 3 dB fre- 
quency is modified due to the presence of Rs- The equivalent cir- 
cuit is shown in fig. ( 34,). 



Fig. 34. Approximate equivalent circuit of CE amplifier using non- »- 

ideal current gain. 

In this case the analysis remains the same as in previous 
article but in place of ry e a resistaace R is used which is a para- 
llel combination of (R s +r b >,) and r v „ i.e., 
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R 


(Rs-\-r bb ').rb’o (Rs + r bb -).r b ' 


Rs + lu 


R S r bb"^ r b' e 

The value of C is given by 

C , = CV a + C b ’ e ( 1 + SmRh) 

The 3 dB frequencies f 3 is now given by 

f,-- 1 


...( 1 ) 

..-( 2 ) 


...(3) 


” 2~RC 

The following expressions can be derived : 

(i) The current gain taken into account the source resistance 
is given by 

M,l«. FS 


Rl-Vhie 

(ii) The voltage gain is given by 


...(4) 


(A v )s 


[Al)s R s ~ Rs+ha 


...(5) 


(iii) Gain bandwidth product is given by 

l (A x r | Z" R l frjk 

(dvfs.J 2 - 


2 -C ( Rs + rbb ') ( l+2-frCye R L)(Rs+fby ) 

and current-gain bandwidth product is 

frRs 

I (Ai)sft 1 = 


...( 6 ) 


...\,1) 


t^i -\-2’ n jT^'b'cftL) r b b') 

Example. Calculate the voltage gain upper cut-off frequency 
of a transistor amplifier in CE configuration operating at high fre- 
quencies which has the following parameters. 

fr=6MHz, h, e = 50, g m =0-04 mho 
/V=100a, Rs= 500G, C b , c =lOPF 
R l =1000Q. 

r„'e=hf t lg m = 50/0-04= 1250*2 

Q,=gm/2jt/r=0-04/2wx6x 10 9 =1060 PF 

• • C=C b 'e+C b , e (1+gm^t) 

= 1060+10 (1 + 0-04X 1000) 

= 1460+F. 


Now h ie =r bb '+r b ' e 
600x1250 


100 + 1250= 1350A 


/? = 


• ft 


f 


600+1250 

405’4i2. 

1 


(V Rs+r bV = 500 + 100 = 600) 


1 


2n RC~ 2tt X 405-4 x 1460 x 10" 1 * 
=0 27 MHz. 
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16 22. R-C COUPLED AMPLIFIER 


audio frequenc^am^ifier S IS A. e t r wo°^ lni ° I ]?r’ USe ^ f ° r cascadin 8 two 
c n through w£ the ou3 f 8 ^°« denSer has been denoted by 

of the second sta 2 e The 5 n C firSt Stage is fed to the in P ut 

the input of the second s^ge C ° Upl,Dg C#ndenser in reacldn S to 

mined t'hl fow^ue^yS of T5f Ca P a ? to "« jft. h ‘feier- 

being 3 a> down at .2= fo r whicHt*' ' ‘"r re! P° nSe 

.his "l parai,e ' " i,h c ‘- > fin 

putting (foTexacTS^tel'^^-^ * 


I 


2nfC, 


ci 


or 



1 


0-284 X 10x4100“ Farads 


* — - ■ » ' * X/ / \ 

4'0 fjF approximately. 


A * v w j j « 

(3-3 of \ the firs 7 s tag e d 6 P Th i^rffF ™ 3 F ' ' y •°, n the value of Rl ' 

gc. This differs considerably from vacuum 





% 



Fig. 35. 


<*) 

R-C coupled amplifier with equivalent circuit. 
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tube circuit practice, where the required capacitance depends pri- 
marily upon the input resistance of the following stage. The input 
impedance of the transistor circuit is far lower than that of the 
vacuum tube amplifier and as such, a considerable amount of 
current is to be supplied to the input of a transistor amplifier. 


The frequency character- 
istic with its bandwith is 
shown in fig. 36. It is conve- 
nient to analyse the perfor- 
mance of the amplifier in 
different frequency ranges. 

(i) Mid Frequency Range: 

At mid frequencies, the impe- 
dance offered by coupling 
condenser C e is so small as 
to be an effective short circuit, 
while the impedance offered 

by the shunting capacity is . 

comparatively so large as to be an effective open circuit. Thus both 

can be eliminated while drawing equivalent circuit of RC coupled 

amplifier at mid frequencies as shown in fig. 37 (a). Simplified 

equivalent circuit is shown in fig. 37 (b), which is obtained by 

applying, Thevenin’s theorem across t>B of fig. 37 (a). Gu is the 
conductance corresponding to Rl\- is the input impedance of 
the second stage. Suppose R' l is the effective load resistance, then 



Fig. 36. Frequency response cur e. 

/flower cut-off frequency. 
/, = upper cut-off frequency. 


_1 

R t l 


Ri i 


+ 




Ftg. 37 (a; Equivalent circuit at mid frequencies. 


From equations (14) and (17) of article 16 2, the input impe- 
dance of the first stage R tl and the output impedance of the 
first stage Rn may be written as 



R' lA 

hoclR' Lr\~ 1 



R_sfrfUn_ 

Rshoai + A 


i 


and 
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where A=h iel h 0Bl ~h rei h fel \ and 
subscripts I and 2 indicate that 
the parameters belong to the tran- 
sistors 1 and 2 respectively. 

Refer to the equivalent cir- 
cuit drawn in fig. 37 ( b ). Assum- 
ing that the loop current is i 0 , we 
may write loop equation of the 
circuit of fig. 37 (6) 

/ * i 

l 0~ 
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+ hoei+$Li 



12 * 


Bio-h 








l 


0* 


Fig. 37 (b) Simplified equivalent 
circuit drawn from fig. 37 (a) 
with open circuited voltage 

hf e i/i 

across BB'=r — and open 

hoei+Gn 

circuited impedance across BB f 


Therefore the current gain at 


Rlo 




01 


mid frequencies will be 


Rli+Rqi 




mid 


J) 

h 


hr 




1 


^o«i + Gx i* 7?i 0 +R <a ’ 


..( 1 ) 


where 

when 


R' 


i2 


RioRi 2 


Rb2 ~hR< 


R 


<2 


R 


62 


R 


<2 


dance ofh-r.-rl . ® qnenc y Range : At this frequency range the impe- 
tance so that ^ coupling condenser is comparable to the load resi- 
cation Th,>r C f Up ing capacity largely affects the current ampli- 
circuit On f u^ ore , vve s ^all have to include it in the equivalent 
caDacitv is c n 1 6 other hand, the impedance offered by the shunting 
shunting ran* a [ ge „ as to be an affective open circuit and, therefore, 
we can dra^ a ti! ty CsA . can be neglected. With these considerations, 

we can draw the equivalent circuit as shown in fig. 38 (a). 



Fig. 38 (a) Equivalent circuit of RC coupled 

amplifier at low frequencies. 

fio *\° W appl ^J heVenin ’ s theorem to the equivalent circuit of 
of thic f° across R® an d draw the simplified equivalent circuit 

of tms frequency range as shown in fig. 38 ( b ). 
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Assuming that /„ is the 
loop current, then loop equation 
of circuit of fig. 38 ( b ) is 

i 

hoei+Gn 

Therefore the current gain 
at low frequencies is 

= h_ 
h 

hfci 

hoel + Gn 


4, 



WvVcV— j [ 


$ 


l He, b 


' 


R 


t 


b 


'Ll 




*2 


low 


Fig. 38 (b) Simplified equivalent 

circuit of RC coupled 
amplifier at low fre- 
quencies. 

1 


Ru)-\-R i2+ : 


I 


...( 2 ) 


jojC t 


Dividing equation (2) by equation (1), we get 

A low Rlo R r %2 


A 


mid 




1 


jwC, 


1 


1 


j ...(3) 

coC e (Ri +/?'< 2 ) 

We know that lower cut off frequency f x refers to a frequency 
at which the gain of the amplifier is 70% of its mid frequency gain, 
and may be expressed as 

f - 1 

2 nC e (R Lo +R' l2 y 

Putting the value in equation (3), we get 

Alow 1 1 


A mid 


1 / 

0-707, 




Thus at the lower 


when /=/i and phase shift is equal to 42°. 
cut-off frequency f u 

Aiow = 70% A mid* 

(3) High Frequency Range** : At this frequency range the 
impedance offered by the coupling capacitor is negligible. In addi- 
tion, the wiring and the shunting capacitances becomes effective 
and lowers the current and voltage gain of the amplifier as the 
trequency increases. If C w and C„» denote the wiring capacity and 
output capacity of the common emitter circuit then we write the 


**The exact analysis at this frequency range is different on account of the 
anatton of transistor parameters such as h, e and h te with frequency and 
iJ auo to the presence of shunting capacitances. 
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total shunt capacitance C, h -=C w =C 0 e or shunt admittance as 
\i^ == J a) C S f l . The equivalent circuit is shown in fig. 24 (a) and a 
simplified equivalent circuit is shown in fig. 39 (b). 



where 


Fig. 39 (a) Equivalent circuit of RC coupled 

amplifier at high frequencies. 
1111 


Rah Rl\ Rbt~^~ Rli 


—Gii-\-Yb 2 - f Yi 2. 

The equivalent admittance Yu 
can then be expressed as 

Y _ 1 , 1 
*Ll — -f- 


Rah ' jcuCah 
Therefore current /, flowing 
across Yu will be 

/ • 1 
n/oi 



; l ' 



f 

> 

X t f 

LI 


h 


h 


06 1 


Y Ll + h oel 


Fig. 39. (fi) Simplified equivalent 

circuit of RC coupled 
amplifier at high fre- 
quencies. 


or 


i 


hfe i Yli 


+ Yl 

The current i Q flowing through R sh will be 

1 


Y 


i 


ah 


R$h+ 


1 


Y 


8h 


l 


1 + Bsh Ka 


hroi Y L\ i\ 




Ysh) (hoex+Yti) 
Therefore current gain at high frequencies is 

_ Yti 

t;- 


A\\ nfi 




m.( 4) 


Y s \) (h o6\ 

It may be mentioned there that hf 01 and Yl x both ate frequency 
dependent. Tj., includes shunting capacitance and the input impej 

danrp nf th o 1 „ l ~ the fr^nUCnCj 
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bSeln * frequency^ y [nc ^ es Wkh [ requency ’. With the 

cZtlrLted ZuL \ f Z qUeD ? y ’- any increase in ^ is thereby 

the response’curve gh ^ Vanatl0n ° f h ' el has very little effect on 

same^tvne^r tr In w RC cou P ]ed amplifier as shown in fig. 35(a), 

A, = R h !* ~ K ®' ,loe==] 0 raicromhos, /i r ,=0'5 x 10" 4 , 

quencv of th 6 5 { ,° hr ?-fi and Rs “ 500 ohms> If the lower cut off fre- 

hng capac!t y c c r 1S t0 ^ ^ the Va,UCS of the C0U P“ 


We have shown that 


C, 


1 


Wf , > r, _ ^- v i (-^Lo + 7?'< a ) 

e shall first find the values of R L0 and R' i2 . 

_ h el -\-R s 

heel + h oel h, el — h /e Jl rel 

1000 + 500 


We know that 


*0 


10 X 1 0-« X 500 + 1 0 x 1 0-« X 1 000 - 0- 5 X 1 0- 4 x 30 

1500 


Rio=h 


1485x 10"3 
101 K ohms. 

hielhre 2 Rl2 


it 2 


1000 


1 +^c«2 7?x.o 

30 x 0‘ 5 x 1 0~ 4 x 6000 


Therefore, 


l + 10x 10" 9 x 6000 

~1 K ohms. 


R 


101 x6 606 


to 


R' 


101 + 6 - 107 

5‘6 K ohms. 
30 x 1 


K ohms. 


<2 


Therefore 


30+1 


~ 1 K ohms. 


C, 


■ 

2x3-14x iU x (5’6+ 1 ) x 10 s 
2 # 5 micro farads. 


,6 ' 23 - transformer coupled amplifier • 

tages™' ,ran3fom “ “ a c °“Pli°S de»i« has the following adgatt- 


O) 


parisor, wUh a° h o m ta r „'1a„ a e n e Ce tt th + Wi - ndi,,eS bei °S s “ a » “ «>">' 
than in RC conpkd aSpS ' ” a » »' higher 
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(2) the turns ratio may be chosen so that impedance match- 
ing may be utilised to obtain maximum power gain and hence ma- 
ximum current gain. The input impedance in a transistor is usually 
lower than the output impedance. Consequently, a step down 

transformer can be used to increase the current gain of the ampli- 
fier. 


The circuit diagram of a transformer coupled amplifier is 
shown in fig. 40 (a) with its equivalent circuit in fig. 40 ( b ). We 
take here the transformer as ideal that is, coefficient of coupling is 
unity, magnetising current negligible, and ohmic resistance of each 
winding negligible. Then the voltage and current ratio of the 
transformer are proportional to the turns ratio, n, (primary turns/ 
secondary). 



( a ) Transformer coupled (6) Equivalent circuit appro- 

amplifier. ximation is used wiih 

R 0 = l/hoe 

Fig. 40. Transformer coupled amplifier. 

Then the source current 


or 


V 


o 


nVg 

, /f > 

Bo 

n 

n 

1 

B 0 

+ nRc 


nV, 


o 


- + 


v n 


R q nRi 


I 


or 




nR 0 Ri 


n 2 R t + Ro 

Maximum power will be transferred to the load when 


...( 1 ) 


so that 


R 0 = n*Ri 


0 


n (n Rj) Rc 

n 2 Ri+n 2 R t 
InRi 
~ 2 ' 

The secondary current 

. V 0 nl 
Ri~ 2 ' 

When the amplifier is a common emitter transistor, 

/ = h/ Q i \, . 


..,( 2 ) 


i 


(I 
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Maximum power transfer is attained when 
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l 


nhijb 


0 



Then the current gain is given by 

; 0 nhu_ . 

A, ~h * 2 
_/l/£ 

“ 2 , - . , 
In the case of a transistor, as already stated, R, < 

consequently « > 1 condiIio ^ FurthCT , in transistor 

iSut circuU can a no, be treated as isolated front output ctrcu.t. 
The chief advantage of the transformer as a coupling device 
may be the large inductance rcq But in that case, transformer 

r 

££5 MM." -ml, have 

poor low frequency response. 

, •, r.r curh nn amolifier is shown in hg 41. In 

this mo stage" transformer coupled grounded emitter amplifier. 

CijOM? 



our 


f HrG* N 

WAttMce) 

Fig. 41. Two stage transformer coupled common emitter amplifier. 

inter Jane transformer have primary impedances of 20 K. ohms 
each and secondary impedances of 1000 ohms each. To prevent 
ear ' him 1 of base bias as through the low d.c. resistance of the 
transformer secondary winding, two capacitors each of 1<VF in 
value are used. The two resistors R i and R, each of value 150 K- 
ohms are inserted to apply proper forward bias for the base emit- 

ter circuit. 

For larue gain turn ratio of the transformer should be ofpro- 

per value so as to match the output resistance of the first transis- 
tor to the input resistance of the second. The primary, which is 
larger as compared to secondary is connected to the collector 
circuit to step down the voltage from the collector circuit of 
the first stage P to the base of the next stage. The net result is to 
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rent operated deviL WhlCh 13 requ,red because transistors are cur- 

r e s i s tanc e ^ h an g e° 't he^j n pmt u 'rr e n't * °A ' ° ° Variafions in input 

lower distortion and lower gain. f * S ra,1 ° ls SDla,J resu hing in 
The overall gain of tranefv. 

greater than that of RC coupled amnr^^'r amplifier is much 
it IS approximately 50 db (pmver F ° r this combinat iom 

16 24. NEGATIVE FEED BACK AMPLIFIERS : 

for the fame* 5 reas^n^nd^hi tfL e ™ pIoyed in tra nsistor amplifiers 
amplifiers. We have alreadv disnn^ - maaner as in vacuum tube 

feed-back improves amplifier m ^ hapter 1 * that negative 

has also been discSd that Z * a " d reduces distortion. It 
bandwith of an amplifier at hi°^ negat i ve f eed back increases 
Important feature ofnegative feed Zl fre 9 u encies. The 

; s a thet reduet^n in th/variati^ Z*£ SS%^SSS 

the effect^f feed ^ack^on^npu^aad^outpunmpedance^ Sha " Sh ° W 

i f f Z ° f inpU \ impedm ' s of ° transistor amplifier : 

,s the normal gain of the 
without feed back. BV 
t^he fraction of the output voltage 
which is fed back to ? the input 
terminals. Without feed back the 
input impedance is 

y e i Vi , . 

(since e 2 ) 

With feed back, the input 
impedance Z it p 

Z if = e J~ BV * 


l 1 + 



6 



But output voltage ** 

V 0 =Ae 1 , 

so that 


Fig. 42. Input impedance in- 
c reases due to negative feed 
back B is feed back ratio. 


z 


if 


e i —A B e 1 e 
Zi (1 -AB). 




(1 ~AB) 


...( 1 ) 

seauentlv eg 7 tlV ?/ e J d back > is greater than unity and con- 

back i n nil t greate J tbao Z<. That is, due to negative feed 

P pe ance of a transistor amplifier increases. 
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( H ) Effect on output impedance of a transistor amplifier : 

The output impedance without feed back is 

7 = — 

^-0 : • 

'0 

With BV 0 as the voltage fed 
back, the. output loop current i 0 
(after the feed back loop is closed! 

is given by 

.. V.-ABV, 

i 0 = 


Z 


Vo 

Zo 


(.—AB), 


4 - 

— 


* 

■ 

ev 0 

4 - 


: « 3 



Fig. 43. Output impedance decreases 

due to negative feed back. 


so that output impedance is 

7 ?»_ 

^ of — jt — t\—AB) •••vA 

0 v • r ^ wv (\ - AB) > 1, Z 0 /is less than Z 0 . 
Since in negative fe.d ba 0 negatjve fced back . 

That is, output p ,0 discussing the feedback ci cults, 

1., „s Fe rf m ^ k .h C a« s”tge P gain of an antphfter with feed back » 

* 


1 — B V A V 


■ ••(3) 


and similarly, current gain is 


Ait 


Ai 


] — BiAi 

, ^ a a denote the voltage and current gain without 

feedback; and B. and B, denote the voltage and current feed back 

ratio. 


o II 



1 

I 


Mr 


(1) Current Feed back amplifier : 

The circuit is shown m fig. 44. The 
emitter resistor R e is not being by- 
passed by any condenser, an 
negative feed back is piovided y 
resistor. This carries substantially the 

nirrcnt 3.S tllC lOHQ TCSlStOT J\L 

same current as Th Fig. 44. Currem feed back 

when an input s lg nal is applied. amplifier. 

also V a°ppl fed aftheTnput circuit of “the amplifier. Thus it provides 

tantia 1 W° change the current gain of the amplifier. This is also 
known Y as ‘series derived ’ feed back and it tends to maintain 
constant current in the load. It effectively increases the output 
resistance of the transistor and is useful, therefore, when the output 

is required in the form of a current. 
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out ffii u° l l age gain ~J he v °ltage gain of such an amplifier with- 
out feed back is given by equation (15) art. 16*2, P 

hfe Rl 

...(5) 


R-l {fie h oe h/ e h rt} ) -\~hi e % 

The feedback ratio B v based on the circuit voltage is 

*'« -Re (/d + l'e) 7? 

V, ~ i 0 R, 


B. 


0 


j fi h ® re s y™hols have the same meaning as mentioned in art. 
to 2. Since i c i by we have 

B — 

v r l ■ -( 6 ) 

will ^ ere ^ oie v °ltage gain of such an amplifier with feed back 


A v f 


A v 


] 


B v A v 


Using equations (5) and (6), we get 

— fife Rl 

A m ,= hfTJbei+Jl 


iC 


R. 


1 + 


• h/e Rl 


Rl 

{h ie h oe -h re h fe )+h ie 

h/ € R^ 


.. (7) 


f R l {hip h 0 p — h re hfp) + R e hf e m 

in ^ ^ i _ ^ j ^ more term R e ht e 

is thj d . e [) orni ^ ator °f A v , the voltage gain with feedback 

is less than that without feed back. 

Example. Suppose in amplifier circuit discussed above 

^ /\ 

Rl=5 k. ohm. 

R e -= 100 ohms. 


h te = 

-50 

h ip = 

2 k. ohm. 

hoe ~~ 

5 x 10~ a ohms. 

h rg = 

= 10~ 4 , 


then to find the voltage gain, we proceed as follows : 
We have shown that 


vt 


— h fe Rl 

"ie+R L (hie hoe-h" h,e) + R e h, e 


50x 5 x 10 s 


2x iu 3 -f-5x lO 3 (2 x 10 3 x 5 x 10~ 9 — 50 x 10" 4 ) + 50 x 100 

-250 

2-t-o tiuu-^ujx ltr* -to 

-250 


7-025 


35*7. 
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( b ) Input resistance*— The input resistance can be calculated 
with help of fig. (45). 



Fig. 45. Simplified diagram of a.c. quantities. 

From figure (45), 


Hit 




Also 


u u 

i ' e — R c .t e and i t —l e — i 


(v *-*+*.) 


...( 8 ) 


• • 


D , He-i, _ o , He /.. c, „ \ 


( 9 ) 


We know that 

ifie—htb—hfcK 1 +/»/*) 

Substituting this value in equ. (9), we get 

R,, = Ri+ i-{h /e l(l+hjfj} 

or Ru=Ri-\-R e (1 -\-hfS) 

Example : A common emitter transistor has h/ e 
UCohm. With R L —\K ohm, 7?,= 100 ohms, calculate the input 
resistance with feed back. Calculate the gain if R e were adequate- 
ly bypassed and input resistance with feed back . 

Ai Ri —hf e Ri —50x1 k 
A v =- 


...(10) 

50 and h — 


Ri hi e 

RiCzh ie = \ K ohm 

Rif=hie+R e (1 -\-hf t ) 

= lK + 100(l-t-50) 

= 6 IK ohm. 


\k 


-50 


(2) Voltage Feed back Amplifier : The circuit is shown in 

fig. 46. 

The negative feed back is provided by a resistor R> connected 
between collector and base. The current feedback through R i 
proportional to the voltage across R t and this form of feedback it 
also termed as ‘ shunt derived'. It maintains the voltage across R 

constant and thus effectively reduces the output resistance of the 
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.fdesire": ™ S drCUit iS USeful when i- He voltage 


IU1 



fig. 46, Voltage feedback amplifier. 

gain of s^h 7n /mni^ Fr ° ra u eqUa r tion (12) art - 16 ' 2 ’ the circuit 
gam or such an amplifier without feedback is given by 

hft 


A< 


hoe Rl~\~ 1 * 


...(H) 


of current finu/Q fn nd fee , dback ratio we find that major portion 
inDut circuit thrm r ^. U ^f. and tbe rema ' n der flows back into the 
circuit by B ly the n gh R/ ‘ f WC denote the in P ut resistance of the 

_ c urrent feedback into the input circuit 

currenFth rough the load ~~* 

Vce 

h Ri-\- Rf 


Bt 


i 


V 


CE 


Rl 


Rl 


Ri + Rr 

Rl 


Rf 


since R, > R t . 


We have already mentioned that the 
with beedback is 


...( 12 ) 

current gain of the amplifier 


Ait 


A, 


1 — B t Ai 

Using equations (11) and (12), we get 

life 


Ait 


hge Rl~\~ 1 
Rl 

Rt 


hr 


...( 13 ) 


1 + 


6 


ho* ^L~h 
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kfe 


1 ^ hf t 


...( 14 ) 


From eqs. (11) and (14), by comparison, it becomes obvious 
that Ait < A t . Thus the current is affected by the presence of R f , 
which is far larger than R 

Example : Suppose in amplifier circuit discussed above 

hu = 50 

h,f—2K ohm /? t = 

hoe = 5 x 10' 8 ohms R f = 

h re = 10- 4 

then find the current gain. 

From equation (14), 

h, e 


5K ohm. 
100 AT ohm. 


it 


1 -\-hoe 


Rl+~ hu 


50 


I+SxIO-xJxW+j^xM 

50 50 

“1 + -025+2-5 = 3-25 

S14-4. 

t b ) Input resistance — The input resistance Rit is given by 

. IUe.{Rfl(l-A v )} 




/*;< + {/?/•/( 1 —A v )} 


where 


Vo ~h Te R L ' 

— i " 

Vi hu 


...( 15 ) 


Rl 


Rt.R 


16-25. 


Rr-\- Rl 

EFFECT OF FEED BACK ON BANDWIDTH : 

We have seen that amplifier gain falls off at low and high 
frequencies. At high frequencies, the shunt capacitances can not 
be considered as open circuited as at mid frequencies and hence 
due to the reactance of shunt capacitances, the amplifier gain falls 
off. Let cj x be the frequency at which the gain falls to 1/^/2 times 
the mid-frequency value A g the gain at high frequency a is given 
by the expression 

Av ~l+jo»la>i ...( 1 ) 

At low frequencies, the series capacitances can no longer be taken 
as short circuited and hence the gain falls off. The gain of the 
amplifier at low frequencies is given by 

a do 

v 1 -j oj Ju> 


...( 2 ) 
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themidXVu«i7vitae UCn ° y ' VhiCh ,hegain fa " s ,o1 ^ 2,imes 

t0 w e fh f ba f U ? e !° werand hi 8 her frequency limits are 
anged. With feed back, the gain is expressed as 

A _A«_ 

J~A B ...( 3 ) 

given A by h ' Sh frequeucies » the g ain of amplifier with feed back is 

A - An 

vf 7Z ~ ..(4) 


H-y 


oj 




given^by '° W ^ requenc ' es * t ^ R S a > n °f amplifier with feed back is 


A 


0 


1 


. (JJ 


■J 


a> 


A n B 


...( 5 ) 


fbn« i * c, “ r ; rom e ^P res ?i°ns (4) and (5) that the amplifier gain 

* • ' V2 * lmes jhe mid frequency value at frequencies c o' and 

w in the presence of feed back. 


Here 


and 


OJ 


Q) } 

OJn 


1 


-;=i 


CD 


A q B for high frequencies 
AqB for low frequencies. 


.. ( 6 ) 


T e new cut off frequencies w and oj " in presence of feedback 
are well above and below the cut off frequencies of amplifier with- 

j l i aC ^’ Thus the bandwidth is extended as a result of 
feed back. 

16 26. UNTUNED POWER AMPLIFIERS : 

In large signal amplifiers, the prime requirement is to obtain 
maximum power output free from distortion. To avoid distortion, 
final stage is always operated as class A or class B . 

16*26-1. CLASS A AMPLIFIERS : 

Circuit for class A amplifier is shown in fig. 47. In class A 
condition, transistor operates during the whole of the input and 

4£?L£C T£D LOAD 



Fig. 47. Class A amplifier. 
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output cycle and results in distortion free amplification provided 
the device is linear. 

For high efficiency it is essential that the collector current and 
collector voltage swings should be large. 

An external load Ri (reflected load) is coupled by the trans- 
former of turns ratio n to the power amplifier. The reflected load 
into the collector circuit is n 2 R't. 


In fig. 48, idealised characteristics for common emitter configu- 
ration with load line of slope — 1 /Rl are shown. Under a.c. con- 
ditions, reflected load appears across the transformer giving an a.c. 
load line. When a.c. signal is applied, collector current fluctuates 
due to which operating point moves up and down the load line and 
during a portion of the cycle instantaneous voltage across the tran- 
sistor will exceed the supply voltage V cc . For ciass A operation, 
operating point Q w ill be located half way up the load line. Cor- 
responding to this point, 


v Cl =v 


max 


cc 


r 1 max 
Ici ~2~’ 

where V max . and / max . are permitted voltage and current for the 
transistor in this configuration. 


collector 

CURREW T 



Fig. 48. Idealised CE characteristics with output voltage and 
current-wave forms. 

Under maximum capacity of class A amplifier, voltage swines 
V max . to zero and current from I max . to zero. Hence S 


V T . 


max • 


m*8> 


2V2 ’ 


It- 


1 




max. 


2V2 
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Useful a.c. power=F f . 


HW 


lr- 


V 


mam 


i 


max • 


m*s • 


4 


• • 



V 


max • *max 


i, 



Total power supplied to the circuit 



Hence efficiency of power amplifier, i i=P/P s . 


percentage efficiency 77 =*- x 100=50%, 

*8 

If, however, instead of transformer, series load resistor is used 
then because of the d.c. power dissipation in it, efficiency reduces 
to half of this value. 


16 26-2. CLASS B AMPLIFIER : 


Circuit for such an amplifier is shown in fig. 49. In class b 
conditions, the operating 
point is chosen at the 
collector current cut off 
(fig. 50) so that in the 
absence of the signal, 
collector current is almost 
negligible. The transistor 
will thus conduct only 
during one half of the 
input wave and will be 
cut off during the rest half 
cycle. Collector current 
increasing with signal am' 
plitude. In contrast to 

class A amplifier, in this case current taken from the battery is 
proportional to signal amplitude. 

To produce original input signal (to get response for both 
halves of the input cycle) it is necessary to use two transistors ope- 
rating out of phase (push pull arrangement). 

The efficiency of class B amplifier : 

For push pull arrangement since both halves are useful inputs, 
the calculation for a.c. power output will, however, remain the 
same, i.e., 


1 



1 

. j L 

1 

a 


j 








Fig. 4 9. Push pull Class B amplifier. 


Vc 1 — Vmax* 

JCl = fmaco* 

where V^ ax . and / max . signify the maximum permitted voltage and 
current in class B operation. So maximum a.c. power output will be 


Transistor Amplifiers 


795 


P— V T 

1 — r r - m-3* *r •m-s* 


P max. l 


max • ‘max< 


P 


P max . Ii 


V2 V2 


max. ‘ max 


2 



Fig. 30. Characteristics for class B push pull amplifier with output 

(collector) current and voltage waveforms. 

If the signal is sinusoidal, collector current will also be sinu- 
soidal. The mean value of d c. component of current over a period 
272 will be 

2 lc , 21. 


Id* o- 


n 


Power taken from battery 


max • 

7t 

V v 

r max • A “ 




Efficiency of class B amplifier 
— a.c. pow er output 
71 d.c. power input from battery 


Percentage efficiency 7 ? 


V J n 

r max • *max*(£ 


max • 

100-78-50%. 


... N°w weshat l proceed to calculate the maximum collector to 
Collector load. Let the load resistance between primary terminals 
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Rt > then voltage drop across Bl will be ~~~ ^ For a single 

transistor, this drop will be halved, i.e. 9 voltage drop between 
collector and emitter ot a single transistor 

1 Anaa*. Bj Anar* Bl 

2*4 4 


or 


Collector voltage V c = V, 


I max* B 


max* 


ina t * 


Vc 


Imax- Rl 


Rl 


4 


I 


(I 


/• 


mm 


max 

V, 


4 -r~ ( i-j, 

*max* \ y 


Vc,) 

Vc, 


max* 


if 


Vet 


V, 


max • 


is negligibly small, it may be neglected ; then 


Rl=4. 


v 

9 rtuiT • 


max • 


which gives collector to collector load in a class B push-pull 
amplifier. 


Effect of signal amplitude on the efficiency : Suppose | V s I is 
the signal amplitude for which output is maximum. Now suppose 
it is reduced a time, so that new signal amplitude is a | V s | . Cor- 
responding to this value, maximum collector current and maximum 
collector voltage will be reduced by the same factor if load and 

battery voltages are kept constant. Therefore power output for 
reduced signal will be 

= r.m.s. collector current x r.m.s. collector voltage 


a Ann 3> . nu 

V2 y/2 


a 2 y max . 1 


max 


Now to calculate the efficiency for the reduced signal, the 
further requirement is the calculation of power taken from batter>. 
In class B amplifier, battery voltage equals V m ax , the mean value 

2 / 

of current being — which for new signal amplitude will be 


2a 1 


max 


TT 


*. Therefore power taken from battery 


2a I max • F 




max , 


The efficiency for reduced input signal 

^ a.c. power outpu t 

d.c. power input 
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A nax» Vmax' l 2 7T 

2cil mQX , V max •/ 7T 4 


The expression for the efficiency shows that 
reduced as amplitude decreases. 

Power dissipation. Power dissipated, 

Pd = power supplied from battery— power output 


efficiency is 


2dI mQx . 1 


mfl y • 


/7 2 / I/' 

1 max • r mar 
2 


To find the value of a for which power dissipated is maximum, 

'Miof _ • . ▲ 1 * d rv • 


we must put ~ = 0, 

ca 


2/ i/ 


max • 


7t 


^iynax- V 


mar* 


a 

Therefore power dissipation is maximum when signal ampli- 
tude is - | Ks I, where | F s | is the signal amplitude for maximum 

output. 


2. - Imn V 


4 


• • 




77 


max* * max 


• frnax’ V 


max 


Jjmax- 


77 


7 T 


l f \ rm . | 


2 


2 l max • K mar*» 


which is ju S t half the power supplied from d.c. source 
the efficiency of the amplifier is 50%. 

In terms of collector to collector load, maximum 
can be expressed as 


and hence 

dissipation 


(Ta) mox , — 


T max- ^ Vmax 


2 7; 2 


m 0 ** n 

~ K t* 


max 


2r. 


16‘27. TUNED AMPLIFIERS : 

A tuned amplifier is one which uses a parallel 
(anti resonant circuit) as its load impedance ^Thpc Un ^ d c circ,llt 

to the fact that a parallel tuned circuit has ST ! h 15 due 
frequency of resonance and the impedance fall's off ? h ^ dar j ce at lts 

frequency departs from the frequency of ° ff Shar , ply as the 
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the adjustment of the resonant frequency at the centre of tbe band 
of frequencies to be amplified, a resonant circuit generally uses 
either a variable capacitor or a variable inductor. Thus the impe- 
dance of the tuned circuit or the gain of the tuned amplifier 
remains more or less constant over this narrow band of frequency. 
Transistor tuned amplifiers may be divided into two categories : 

(i) small signal tuned amplifier and (ii) large signal tuned ampli- 
fiers. Small signal transistor tuned amplifiers are meant for ampli- 
fying small signals at radio frequencies. The power involved is 
small. They operate under class A operation and hence the dis- 
t rtion is negligibly small. Large signal transistor tuned ampli- 
fiers, on the other hand, are mea it for amplifying large signals at 
radio frequencies. In this case, power involved is large. They 
operate under class AB y B or C conditions providing large collector 
circuit efficiency The main drawback is that distortion gets incre- 
ased. Of course, the tuned circuit itself eliminates most of the 
harmonic distortion. For further reducing the harmonic distor- 
tion, they use push-pull operation. Here we shall consider small 
signa l tuned amplifiers. To obtain a large gain, a number of tuned 
amplifier stages in cascade are used. The cascade tuned amplifiers 
can be put in the following three categories : 

(1) Single tuned amplifiers. 

(2) Double tuned amplifiers . 

(3) Stagger tuned amplifiers . 

(1) Single tuned amplifiers. They use one parallel tuned cir- 
cuit as the load impedance in each stage. The tuned circuits in 
different stages are tuned to the same frequency. 

(2) Double tuned amplifiers. They use two inductively coup- 
led tuned circuits per stage. Both the tuned circuits are tuned to 
the same frequency. 

(3) Stagger tuned amplifiers. They use a number of single 
tuned stages in cascade. The successive tuned circuits being tuned 
to slightly different frequencies. 

16*28. SINGLE TUNED INDUCTIVELY COUPLED 

TRANSISTOR AMPLIFIER : 

Fig. (51) shows the circuit of a CE single tuned inductively 
coupled transistor amplifier. Here the voltage ' developed across 
the tuned circuit is inductively coupled to the next stage. In this 
circuit R x — R 2 along with R 0 — C 0 combination in the emitter cir- 
cuit provide the emitter bias. The coil L of the tuned circuit and 
the inductively coupled coil L<t feeding the next stage form a trans- 
former. The parallel tuned circuit formed by capacitance C and 
inductor L resonate at the frequency of operation. 
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CC 


/?' 


a 





F'g. 51. Circuit of single tuned inductively coupled transistor amplifier. 

The input and output equivalent circuits are shown in fig 52 
(a) and ( b ) respectively. 


R 


+ 


RiS 


* 4 , 



C. V. 


be 


Fig, 52. {a) Input equivalent circuit. 


R 


Fig. 52. (6) Output equivalent circuit 





802 


or 


Hand Book of Electronics 

p _ Susceptance of inductance L or cap acitance C' 

Conductance of shunt resistance"^ 

Q e =<o 0 CR tt =*f 

W ° L ...( 12 ) 

The impedance of C', L and Ru in parallel is given by 

1 1 1 

Z =R tt + ]^L+ JloC ’ 


57, [ i+ Jl-+> c ' *«] 

__L_ F j | Ru Kg 

57 , [ 1 +j Q - { 


a 


o jco u coL 

co__oJo 

co 0 oj 



Comparing eqn. (12) and (13), we have 

Htt 


.. (13) 


Z 


1 +jQ l ( ° w » 


...(14/ 


CO n CO 


. ^ indicate the fractional frequency variation, i.e variation 

in frequency expressed as a fraction of the resonant frequency 


S 


CO — CO 


0 


OJ, 


CO 

OJq 


1 


or 


to 


to, 


1 + 8 


Z 


R 


tt 


HiC. (1+8) 


Ru 


or 


Z 


R 





tt 


1+J2Q.8 ..,(15) 

(Because at any frequency to close to frequency of resonance coo, 

8<l). 


From fig. (36a), we have 


n ,= * 


R,' 


b » 


Rbb'-hRb'g 

The voltage is given by 


...(16) 


8m V b e ^ 


8m V i 


Rs 


x 


R 


R’bb + Rbe "l+y 25 Q,~* -*( I7 > 

The voltage gain at frequency of resonance to 0 and at any 
other frequency oj close to co 0 may be found as follows : 
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From equations (1) and (2), we have 

V7 


h= 


21 


Z 21 ^12 ^11^22 

The output voltage V 0 is given by 


0 


h Ri 


From eqs. (18) and (19), we get 

fz 21 


...(18) 

(see fig. 52b) ..,(19) 


■Z21Z10 — Zi,Z<>. 


VRt 


21^12 

Z 


XR t 


'21 


. Z n Z 22 Z 12 2 ...(20) 

Substituting the value of V from eq. (17) in eq. (20), we get 

R tt Ri Z„ 


Sm^i 


Hbb + 7?&' 


X 


1 +j lb Q 


X ^ 


■ZliZ 22 — Z l2 2 

The voltage gain A at any frequency a> is given by 
^°=-g Rb '° . - R tt Ri Z 

y 


...( 21 ) 


A 


X 


21 


v . ^'+^V'l+y2S 2, ~z n z 22 -z l2 * ...(22) 

Voltage gam at resonance where oi=o> 0 and 8 =0, we have 

R b'e Rtt RiZ,i 


res 




Rbb'+Rf* x 1 X Z„Z 


Hence 


1 


11^-22 


z 2 


12 


,. DU A rt ,.~ 1 +j 28Q 
3ao bandwidth is given by 

o> 0 


...(23) 

...(24) 


Q a 


From eq. (12), Q t 


B 

R 


...(25) 


tt 


cOqL, 


Under condition of maximum transfer of power the total 
resistance appearing in shunt with the toil equals RJ2. Hence 


Q . 


7?o/2 R 

OJnL 


2a> 0 L 


From eqs. (25) and (26), we get 


• • (26) 


CD 


0 


R 


B 


2c i) 0 L (27) 

required f„r^the V amp,ifier.^ by «“ B 

16 29. DOUBLE TUNED TRANSISTOR AMPLIFIER : 

Fig. (56) shows the circuit of a CE double tuned amnlifW 
The voltage developed across the tuned circuit in the ^ 
circuit is inductively coupled to the another tuned circuit The 

•he .iS “ “ ,he Same fr ' q “'" Cy U - ,he f"0“=ncy of 
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fig- 


Fig. 

The 

(57). 


56. Circuit diagram of doable toned transistor amplifier. 

equivalent output circuit of the amplifier is shown in 







p ig. 57. Equivalent outpot circuit. 

In the equivalent output circuit of fig. (57), Ri and R £ may be 
combined to form R /. Similarly, R 0 in parallel r with R may be 
brought in series with L to form Rq'. This modified equivalent 
circuit is shown in fig. (58). 



c* 


L 





<> / 



Fig. 58. Modified equivaleot circuit. 
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Again the current source g m Vy s in shunt with capacitance 
C may be replaced by voltage generator F, in series with C f . In 
tms way, the modified final equivalent circuit is shown in fig. (59). 



Fig. 59. Final modified equivalent circuit 

The impedance Z in seen by the primary in fig. (59) is given by 


Z 


oj 2 M 2 


tn 


Ri'+j ( 


cjL 

i 


1 


ojC. 


...U) 


1 


At resonance w 0 L— — and w nJ L, = — - 

w 0 C o)C % - 

Hence at resonance, Z,„ reduces to 

OJ 0 W 2 


...( 2 ) 


Z 


tn 


R< 


...(3) 


Hence at resonance, for maximum transfer of power R ' must 
equal Z< i.e., is adjusted to critical value M e such that ° 

P ,__o*n 2 M e 2 

° Ri' 

or R„' Ri '= Wo 2 M 0 * or ViR 0 'Rt')=u> 0 M e ... (4) 

If K 0 be the critical value of the cofficient of coupling corns 
ponding to the critical value M e of mutual inductance, then 

V(RoRi')=uj 0 K e ViLLJ 


K. 


K. 


V(Ro'Ri') 

w o y/{RRi) 

1 



Fro 


V(<2i&) 

fig (59), we have 

Fi-Z^ /i+Zi 2 I 2 
0=Z 2 i Zj. I 2 


...(5) 


where 


n— Ro'+j f 


wL 



..,( 6 ) 

...(7) 

...( 8 ) 
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■Z 22 — R 


'■+'( 


cjdL 



Z12 — Z21 — JCVqM 

At resonance Z n =R 0 ' and Z 22 ==i?/ 

For maximum transfer of power at resonance 

Z u =R q \ Z 2 2 =Ri' and Z 12 =jco 0 M e 
From equations (6) and (7), we have 

/_ V. Z 2l 

i o - 


...19) 

...( 10 ) 


...(H) 


Zji z 2a -z ia * - (12> 

Sub s tituting the values of Z 2l , Z u and Z 22 from eq. (11) in 
eq. (12) we have 

j Vi<» n Mc 
RtRt+wfMf 

Substituting the value of M c from eq. (4) in eq. (13) we get 

Yi V(Ro'Ri') 

J 2 V(R 0 'RO 


(/*) 


max 


...(13) 


(4) 


max 


J 


v i 


Ro'Rt '+R 0 'Ri' 
The magnitude of (/J MOX is given by 

V i 


...(14) 


(/ 2 ) 


max 


2V(Ro'Ri') 


...(15) 


Power transfer is maximum at two other frequencies. These 
two frequencies may be obtained by equating the value of ( I 2 )max 
as given by eq. (14) to the value of I 2 given by eq. (12) where Z n , 
Z 2 2 pertain to any frequency a> close to a> 0 . Thus we get 


•JVy 


2V(W) 


jy 1 V(RoR i / ) 




where the coefficient of coupling 

K=bK e 

Let L a =L, C 2 =C'=C and i?„ 


...(16) 


Ri'=R 


and 


J 



cuL 



jX 


Now eq. (16) may be put as 

V , | V x bR 


...(17) 


lR 

2bR a 


= |-* 2 +2y RX+R 2 + b 2 R* | 
or 46 2 i? 4 =[.R 2 (1+i 2 )— Z 2 ] 2 +4i? 2 A' 3 

Solving eq. (19) for X, we get 

X=±R x /(b*- 1) 

<t,L ~^) :=±i V (62 - 


...(18) 

...( 19 ) 


or 


1) 
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or 


(<o*LC— 1) = ±wCR [y/(b* 
Now wCR w 0 CR= * 


1 )] 


Q 


...( 20 ) 

( V Q is large] 


also 




l= J_ 

LC 

Equation (20) yields 


to 


to, 


1 + 


V(b l - 1) 


2 — 


Q 


Hence w— i^o 




V(b*~ 1) 

Q 


...( 21 ) 

It is clear from eq. (21) that if b > 1, there are two frequen- 
cies at which maximum power transfer takes place. 

The 3 dB frequency, i.e., the frequency at which current /, 
reduces to 0-707 of its maximum value are obtained by equating 

/, as given by eq. (18) to times (/ 2 ) ma * as given by eq. (14). 
Thus 

-jV,bV(R 0 ’ Rj’) 

( ;)+MW 


V2 


-JK_ 

2V(Ro’Ri’) 


or 


Using condition (17) and solving for X, we have 

X=±RV(b*-l±2b ) 

1 =±/V(* 2 -l±2&) 


...( 22 ) 


u)L 


WUJqLC 


oj 


c 


CO, 


CO 


±co 0 CRV<b t —\±2b) 


But 


(O 0 CR=Q and a> 0 


1 


.(23) 


V(LC) 
V(b* -l ±2 b) 

Q 


0} <J)q 

" to 0 ~to ~ ± Q ...(24) 

Equation (24) gives two 3 dB frequencies «u a and to u one 

corresponding to positive sign and other corresponding to negative 

sign. Thus 

/wj a>o\ 

to 0 ~toj~ \too~toJ ...(25) 

This yields w 0 =-v/( w iWo) ...(26) 

Now taking positive sign in eq. (24), we have 

V{(6 2 -l)+26} 


(0 2 (On 


CO Q CO 2 


Q 
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or 



or 


W 0 U)j 
— <o,oj a 


or 


Oj 0 co a 

0*2 — CDf 

(On 


{(b*-\)+2 b) 
Q 

V{(b*-l)+2b} 

Q 

V{\b a -l)+2b} 

^ - ^ 

Q 


Thus the 3 dB bandwidth is given by 


Ct>2 — to 


^V{( 6 *-l)+ 26 } 


...( 27 ) 


Cl), 


2— ^i) is proportional to £p In 


This shows that 3 dB bandwidth (w 

case of a single tuned amplifier, the 3 dB bandwidth is equal to 

W ° 1S s ^ ows that 3 c/2? bandwidth in case of double tuned 

^ tT i exceec * s I^at in a single tuned amplifier by a factor 
V{( 6 a - 1)±2 b}. 

NUMER 1 CALS 

1 . Obtain a correlation between r and h parameters . 

The r and h parametric equations for the same two part net- 
work are 


and 


v i — r n ^l + r 12 ^2 1 

p 2 =r 2 i /i+r 22 i 2 J 


...d) 


h — hn i\ -f- h \2 v 
ii~hi x i l -\-h t2 


v 2 1 

v 2 f 


...( 2 ) 


From equations ( 2 ) 


h 


ii h 


Vl + /Jl2 V 2 


i% ii — 0.v x -^-h 22 v 2 . 


Hence v 


”^11 (l 

Al2 


i 2 — Ayi / 1 

h 22 

An ^22 ii — Aj 2 /2+A32 A 2 i j*i 

-1 

h \ 2 

A a2 

0 

A22 



or 




(Ait h 2 2 bj 2 b 2 j) /i + A 12 i 2 


h 


as 


Similarly v 


— 1 An /j 


0 i 2 —h 2 \ i x 

~ ^ 2 ~f- A 2 1 /i 

i ^12 

—A 23 

® A 2a 


or 


v 


2 


^21 ^l + / 2 

A 


22 
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V 




2 . The T equivalent circuit parameters of a transistor are • 
r »- 12*5 12: r b =550 12 : r c =220x 10 3 ft, and a=0 95. Calculate 
input impedance , output impedance , current gain , voltage gam , and 
power gain in common base amplifier using this transistor. Given that 
load resistance Rl= 10,000 Q and source resistance Rs=500 fJ t 

We know that r m =a r c -0'9S x 220 x I0 5 

= 209x 10 3 ft. 


(1) Input resistance r t =r e + 


' t 


F 19 


I - • X. / 


12 5+ 


r e r i + R i 
550 (220 x 10 3 — 2C9 x 1 0 3 + ] 0, 000) 


22Ux 10 3 + 550+ 10,000 

— Oil J if t 

(2) Output resistance r 0 =r c +rt > — 

r b~{-r c -\- R$ 

= 220 x 10 3 +550-~ 1— 

550+12 -5 + 500 

= 1 12 3 x 10 3 12. 


(3) Current gain A t 


r 6+r 


m 


r c+f& + R l 

(500+209 x 10‘) 
220xl0 3 + 550 + 10,000 

—0-905. 


(4) Voltage gain A V =A ( 


Rl 


ri 


0-905x1^° 

62-5 


145 


AiX +=0-905x145= 131, 


(5) Power gain = 

3 . In class B push pull amplifier battery supply / v < 
output power is 400 mW and maximum collector dissipation of 

3EJ* 100 *> coikdonZTlf Z h k 


Given 


max 


V ce — 5 volts 


F=40o ml+=400x 10“ 3 watts. 
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Ihe collector current is given by 

Imax- Vmax- 


P 


or 


400.10 


-3 


V2 • v'2 
Imax - x 5. 


2 

• • Im ax* ^ 160 ID A 

and collector load can be obtained from the relation 

^max* . 5 


Pl= 4. 


4. 


mate. 


160-10' 3 


125 ohms. 


EXPERIMENTS 


Exp. No. 1. To draw the characteristic curves of 

(i) PN junction diode. 

(ii) PNP junction transistor. 

Procedure : (/) For the characteristics of PN junction diode, 
procedure has been described in Chapter 6. 

(ii) PNP junction Transistor Characteristics : PNP junction 
transistor can be used in three ways as regards its method of con- 
nection. We shall draw here the characteristic curves for co 
base and common emitter connections. 


mu 


on 


(a) Common base circuit : The circuit is shown in fig 60. 






; 





(o-5w*4) 


Ve )rrtV 



5 ynA 


(o-rov)\yc 



-+ 


) 

j 


Fig. 60. Circuit for common base characteristics. 

The method of obtaining the two common characteristics are 
described as follows : 

(ai) Plot of collector current! collector voltage characteristics at 
different values of emitter current. The emitter current is adjusteu 
to 1 mA and maintained constant by adjusting variable resistor Rv 
The collector voltage is adjusted to — 5V, by means of resistor/^ 
and the collector current is noted. The collector voltage is reduced 
in steps of 1 volt and with emitter current constant, simultaiicou 
reading of collector voltage and current are taken. 
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Now the polarity of 
collector voltage is reversed 
and adjusted to 01 volt 
and collector current is 
noted. The collector vol- 
tage is increased in steps 
of 0T volt until the col- 
lector current reaches zero. 
Voltage and current read- 
ings are noted at each 
step. The test is repeated 
for constant emitter cur- 
rents of 2, 3 and 4 mA. 
and a family of collector 
current/ col lector voltage 
curves are plotted as shown 
in fig. 61. 



(a 2 ) Plot of collector current/emitter current characteristics : 
t he collector voltage i s set to —5 volts and is kept constant 
throughout this test. The emitter current is adjusted to lOO/M.and 
collector current is noted. By adjusting R 1 and P 2 , the simultane 
ous ammeter readings are taken 
upto a maximum of 4 mA. of 
collector current. A graph is plo- 
tted in collector current to a base 

of emitter current as shown in 
figure 62. 

(b) Ground/. d Emitter Circuit : 

The circuit is shown in fig. 63. 

The methods of obtaining 
the two general characteristics 
are given below ; 

(bj) Plot of collector current/ 
base current characteristics : By 

means of R 2 the collector voltage c . .. 

ie adjusted to 2V which Collector current/emitter 

wmen current characteristics. 
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is kept constant during 
this test. The base 
current is adjusted to 
20 fiA, by means of Ri 
and collector current 
is noted. The readings 
are repeated for increa- 
sing values of base 
current and collector 
current is noted until 
the latter reaches about 
4 mA 

Curve is drawn in 
collector current against 
the base current as 
shown in fig. 64. 



Fig. 64. Collector current/base current 

characteristics. 


(b 2 ) Plot of collector current/collector voltage characteristics 
for various base currents : The circuit is same. Base current is 
adjusted to 20 ^4 by means of R x . The collector voltage is increa- 
sed in steps byOTV by R 2 and collector current at each step is 



j VQtrs 

Fig. 63. Collector current/collector voltage characteristics. 

noted. This is repeated for constant base currents of 40, 60, lOO^A, 
and a family of characteristics is plotted as shown in fig. 65. 

Expt. No. 2 : To draw frequency response, curve of a common 
emitter-amplifier circuit and to determine : 

(i) Input Impedance Z<, 

(ii) Output impedance Z 0 , 

(iii) Power gain. 

Procedure : Circuit for common emitter-amnlifier if shown in 
fig. 66. 


Transistor Amplifiers 813 

The input is provided by means of a variable frequency 
oscillator. Voltage E b and resistoi R x are set to provide the 
correct d.c. potential. Capacitors applied are of high values. 
The oscillator voltage, which is maintained constant, is set to a 
suitable level with switch S 2 open and5\ to t he right. The oscillator 



, Fig. 66. Common emitter-amolifier circuit. 

frequency is varied from low audio value upto 1 mc/s. and the 
reading of V 0 is noted at each frequency. Voltage gain of the 


stage is measured by the ratio of 


o 




A curve of voltage gain to 


1 

a logarithmic base of frequency is plotted, called the frequency 
response curve of this type of amplifier circuit. Now 

(i) To measure the input impedance Zi at given frequency, 
the input voltage v t is divided by the reading v T obtained when S 2 

is switched to left. Ratio — then gives the input impedance Z<. 

v r 

(ii) In order to measure the output impedance Z 0 for a given 
condition, we note the reading of V 0 for this condition and then 
with S 2 closed resistance R 2 is varied to have this reading of V 0 . 
The resistance R 2 is calibrated to give its value directly. 

(ii) From relation 

power ga in = (voltage) 2 . 

We can thus calculate power gain. ° 

EXERCISES AND PROBLEMS 

Define the terms (a) conductor, (6) insulator, (c) semi-conductor. 
Discuss what is meant by P and N type semi-conductors. Explain the 
movement of electrons in semi-conductor. 

Explain the effect :>n a semi-conductor of adding (o) a donor impurity, 
(A) an acceptor impurity. 

Describe the characteristics of a PN junction. Explain the meaning of 
(a) reverse bias, (b) potential hill, (c) reverse current. 

4. Describe the static characteristics of transistor for (a) collector current 
versus collector voltage for a constant value of emitter current, ( b ) collec- 
tor current versus collector voltage for a constant value of base current. 


1 . 


2. 


3. 
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5. Describe the following characteristics of a grounded emitter transistor- 
amplifier circuit : (a) current gain, (b) voltage gain, (c) power gain. 

6. Describe in detail the operation c f PNP grounded emi.ter transistor 

amplifier circuit. 

7. Describe in detail the operation of PNP of grounded base transistor 
amplifier circuit. 

8. Compare the base operations of a transistor-amplifier circuit with th«* 
basic operations of a vacuum-tube amplifier circuit. 

9. Explain why the common-emitter configuration is preferred for a 
transistor. 

10. Compare a common emitter transistor and a common base transistor 

amplifier circuits. Explain why the former is widely used in amplifier 
circuit . 

11. Explain the action of a PN junction rectifier. 

Derive expression for the input and output resistance, current ampli- 
cation and voltage gain of PNP grounded base transistor amplifier: 

Why is grounded emitter circuit preferred over the grounded base 
circuit ? 

12. For a PNP transistor, the low frequency equivalent T net-w.irk cons- 
tant are 

r, = 20 ohms ; r> = 730 ohms ; r e = 10 6 ohms ; a=0*97. 

It is used as an amplifier with a^urce having an impedance = 500 
ohms. The load resistance .^=300 ohms. Find : 

(a) voltage gain when used as a common amplifier 

(b) output impedance when used as common emitter amplifier. 

. A certain PNP transistor f junction type) when used as a common 
emitter has the following circuit parameters. 

r e = 2l ohms, r b = 580 ohm, r e = 3 44 megohms, 

i?L = 20,000 ohms, a — 0*982 

Find the input resistance. 
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171. BIASING THE FET : 

Like a bipolar transistor or a vacuum tune, the FET or 
MOSFET must be properlyjbiased before it is put to use as an ampli- 
fier. The consideration must be given in biasing the FET to 
place its operating voltage and current within the linear portion of 
its active region. The factors governing the selection of an 
appropriate operating point {V^s, I d , Vas) for a FET are similar 
to those for tubes and transistors. So before discussing a parti- 
cular FET amplifier, we shall first discuss the following biasing 

arrangements : 

(1) Self Bias : In case of a FET, a reverse bias voltage is 
to be applied across the gate to source junction. So a simple self- 
biasing technique used for vacuum tubes 
may also be used in FET. Fig. (1) 
shows the self biasing. The conventional 
current flowing down through Rs 
produces a source to ground voltage 
given by 

V s = Id Rs 

Since negligible gate current flows, hence *L + 
the gate terminal is at d.c. ground /.<?., 

Vg=0. 


‘j 





, cs 

So Fee = -F s =-/d/?s 
T hus biasing voltage V cs is sei up 
entirely by IR drop across Rs- Due 

to this fact the circuit is called self- 

biased. For a.o. signals, a capacitor having a large value is 
connected in parallel to 7?sto avoid any degenerative feed back. 

(2) Voltage divider Bias : Fig. (2' shows the voltage divider 

v § 1 4 a ~ 1 • « * across R 2 appears as the 

voltage between gate and source i.e. y V \j 


Fig. l. 


Ri-V dp 

R\+R\ and Vcs ^ Vg ~ i d 


R 
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The voltage divider bias is only used 
in JFETs when large supply voltages 
are available. With low voltage 
supplies, this bias is not pre- 
ferred. 

(3) Source Bias : The source 
bias is shown in fig. (3). Since most 
1 ss appears across R$, and hence 
the drain current l D is almost inde- 
pendent of FET characteristics as 

shown below : 

Summing voltages around the 
gate, we have 

fcRa+ V s-\-IdRc,s — F$ s = 0 

I _Vss -V C s- I gRg 

° Rs 

But 


When 

then 


Vss— Vgs IgRc, 

(lor a practical circuit) 

* i _ s — Vcs 

■' Id ~~Rs 

is much greater than V GS , 


Id 


I'ss 

Rs 


(ideal) 


In an ideal circuit Vss appears across Rs. 
As these quantities are independent of 
JFET characteristics, so I D is almost 
constant. 



Fig. 3. 


17 2. FET SMALL SIGNAL MODELS : 

The complete a.c. equivalent circuit of a FE T includes lead 



o Drain 


•Get? 




Cq.A 6 


Source 


Fig 4. a.c. equivalent eircu t. 
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inductances, internal resistances, internal capacitances etc. How- 
ever, in practice, the lead inductances are neglected. Fig. (4) shows 
the equivalent FET circuit in Norton’s form. On input side, C gd 
and Cg, represent the capacitance between gate and drain and 
capacitance between gate and source respectively. r„, is the a.c. 
resistance from gate to source. On the output side, C it represents 
the capacitance between drain and source while r d , is the a c. 
resistance from drain to source. 


Low frequency model : At low frequencies, all the capacitances 
becomes high enough to neglect. The input resistance between 
gate and source in infinite because reversed biased gate current 
is assumed to be zero. Similarly the resistance between gate and 
drain is infinite. The equivalent circuit is shown in fig. 5. If 
we compare the low frequency model of FET with a low fre- 
quency /i-parameter model of BJT, we observe the following 
points : 


(i) Both have Norton’s 
output circuit, 

(ii) In FET model, the 
generator current depends 
upon input voltage v 0 , while 
-n BJT model, the generator 
voltage depends upon input 

current. 

(iii) In case of BJT, 
the feedback takes place from 
output circuit to input circuit 

through the parameter h T , 


Drain 



Fig 5. Low frequercy small 

signal model. 


while there is no feed back in case of FET. 


(iv) Input resistance of common emitter is about 1 KQ while 
FET has almost infinite resistance. 

The above facts show that low frequency FET forms a more 
ideal amplifier than conventional BJT. It should be remembered 
that the superiority of FET is restricted only to low frequencies 
and not to high frequencies 

High frequency model : The high frequency small signal model 

of FET is shown in fig. 6. At high frequencies, the capacitances 

between different nodes can not be neglected. These capacitances 
produce the following effects : 

(i) There is a feed back from output circuit to input 

circuit, 

(ii) voltage gain drops rapidly as frequency increases. 

For diffused junction FET, the different capacitances are 

C d ,=0'l to 1 pF 
Cq s and C a a = l-\0 pF. 


and 


I 
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Fig. 6. High frequency small signaf model. 

17-3. COMMON SOURCE A C. AMPLIFIER : 

Figure 7 shows the common source a.c. amplifier. lo fig. 7 



f'lg. >. Commom source a.c. amplifier. 

the drain current flows through R s and develops a voltage which 
reverse-biases the gate junction. Re is provided for a d.c. return 

path The Thevenin equivalent circuit for small signal common 
source a.c. amplifier is shown in fig. 8. 

Since the same equivalent 
circuit can be used as for trr- 
ode and hence the voltage gain 
and other quantities can be 
calculated similarly. ^ 

Voltage gain A y — The voT 2 ^ 

tage gain is given by 

-Ri, •• (!) Fig, 8. Thevenin equivalent 

circuit. 




Field Effect Transistor Amplifiers 


819 


or 4y=-g m 


r d R L 


Sm T~ 


Rl 


r<i+RL om l+(R L lr d ) 

If r«f R l (not always), then Ay g m R L . 

2 ron F ^ X n a n mple , US ‘ ng , a , FET ^ N3819 for which g m varies from 
2C00 to 6500/x mhos and for R/.= 10AT ohms and r d =20K ohms 

we have A y = — 13 to -42. 


Output resistance— The output resistance is a parallel cora- 

aK ° f a ?? Rl WhlCh ' S g ‘ Ven by H R L r */(Rt.+r d ' 1- For the 
aoove example the output resistance is approximately 7 K ohm. 

Input resistance— The input resistance to the amplifier is R G . 

17 4. THE COMMON DRAIN OR SOURCE FOLLOWER : 

in fi T /o\^Tk C C i r M U ‘ t °^ a ^' clianae l FET source follower is shown 
in ng. the following expressions can easily be derived : 



Fig. 9. The common drain or source follower. 

Voltage gain Av=. — 

6 “ (/* + !) 


gm Rs 


Rs + 


l 

gm 


when fi ^ 1 


1 

f r ,M is , tai T u 0utput resistance is « Parallel co 

i Rs and r*/(l+^). Hence 


bination 


Rs + r d l( 1 +/*)~ f+y m Rl When / l > 1 


Input resistance— The input resistance 
«o. Following are the characteristics of a 
like emitter follower : 


will be determined by 
source follower FET 


(i) Voltage gain is less than unity. 
(”) There is no phase reversal. 

(iii) High input impedance, 
tiv) Low output imnedanc^ 
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17 5. COMMON GATE AMPLIFIER : 


The basic circuit of a 
is shown in fig. (10). The 
amplifier. 


common gate ^-channel FET amplifier 
circuit is just like a grounded grid 




Fig. 10. Basic circuit of common gate AT-channel FET amplifier. 

In this amplifier, we have 

Voltage gain — ( r dgm~ f~l) Rl 


Input resistance 


fd-\-Ri 

CcI + Rl 


r d + RL 


(/*■+- 1) 

Output resistance=r d -f R s (l+/i) 

The amplifier has the following characteristics : 

(i) High voltage gain (if R s is small). 

(ii) Low input impedance. 

(iii) High output impedance. 

(iv) No phase reversal. 

Example 1. Using the equivalent circuit show that if two identical 
FETs are connected in parallel , then g m is double and r d is half of 
that of individual FET. If two FETs are not identical show that 

1 


Ti 


1 1 
'd\ ?d2 


and /Vd 2 +jVdi 

rdx + r d 2 

Let two FETs with mutual conductance g mi and g m2 and resis- 
tances r dl and r ds be connected in parallel as shown in fig. (11)> 

The two drain resistances are in parallel and total current flowing 
in the circuit is g ml v„,+g m2 v„,. 

Considering the equivalent circuit, we have 

8mVts = g m \V B$ -\-g m2 Vg S 


and 



r di • r d 2 

r 
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G 

? 

< 

v- , 
S* 

I 

_L__ 






FET-2 



O 


G 

? 



£ 



i 


Two FFTs in parallel Equivalent circuit 

rig. U. Two FETs connected in parallel 

For identical FETs, g ml =g n2 and r dl =r di 
Thus g n =gm 1 +g mi =2g mi and r d = ~^ 1 

fdl I f*d\ ~ 

when the FETs are not identical 


r<i 


Now 


f* — * d §m — 


^d l * ?d 2 

r di+^2 
r*i r * 2 


and 

,8m "F gmi) 


On simplification, we have 


r dl + r<i3 

u=~ iLtLL^JhZii 
r al~\-r d2 

17 6. GENERAL TREATMENT OF LOW FREQUENCY COM- 
MON SOURCE AND COMMON DRAIN AMPLIFIER : 

For analysing common source and common drain amplifier 
simultaneously, we draw a generalized circuit as shown in fig 
(12a). In the circuit, we have not shown the biasing arrangement 
tor the sake of clarity but it has been assumed that the circuits are 
properly biased for linear operation The equivalent circuit is 
shown in fig. (I2£). For common source amplifier R s =0 and the 
output (t^ is picked up at drain terminal D. In case of a common 

term! n&\ 1 ^ er> Rl=0 and output is P icked U P at source 

Applying Kirchoff’s voltages law to the output, we have 

lDRl+{lD-g n Cg,) U + IdRs^O 

But v g ,=Vi ~1 D P S (2) 

get Sub stituting the value of the v g , from eq. (2) in eq. (1)’* we 

loRL+ih-gm (vt-IoRs)} r d +[ D R s = 0 
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(a) Generalized circuit 



_ (*) Equivalent circuit. 

Fig. 12. 


Solving we get I D = Vi 

. We now consider th/fdlowto^* two cases : '” (3) 

Rs. ^In thi™arnnl?fipr C ^? aiIip, '^^ r un bypassed source resistance 

taee (v ) developed a’rr L c ® ns j^ ute the load impedance. The vol- 
tage developed across load is given by 

(v 0 ), = - I D x R l = ~WRl 

rru ... r d+Jti. + (f*+ J) R S ...(4) 

with t he & i n nu f 'Jot r!^ ' c s that the output voltage is out of phase 
• , . . ® e ‘ Corresponding to eq. (4), the Thevenin’s 

equivalent circuit is shown 

in fig. 13 Now voltage gain WM^-r-- -f 

is given by ^ (At t ? ) u I ^ , 

A, = < V oK ±T / i ! 

when Rs is bypassed with -f- '* i 

a large value capacitor in /V - \ 

parallel or S is grounded — 

(/•€?•» Rs= 0 ), then voltage T** 

gain is given by Pig. 13 . Thevenin’s eauiva/ent circuit. 


sU 1/1 

O 


4 


“VVVVV 

(*H)K S D 






T 


+ 


(%), 


/ V 


Fig. 13. Thevenin’s equivalent circuit. 


Ay 


H-KL 


r d + RL ...(6) 

F 0m ™°* n , drain amplifier with drain resistor R t . In this 
by 9 ° U 1S * a ^ en across R s% The output voltage (v Q ) 2 is given 

( v o)2 =InR$ 

v- VjRs b 

r*-\-R L +(n+l)R s 
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Wf*+l) vtRs 


(r< + /?i.)/(^ + l) + /?s •••(7) 

The Thevenin’s equivalent circuit corresponding to eq. (7) is 
shown in fig. (14). 

The voltage gain Ay is 
given by 


P 


Av = 


(P«)2 f^+l 


.R 


i'i ( r 4 + R L ) 


+ R 


OH-1) 

...( 8 ) 

The output voltage is in 
phase with the input voltage. 

When R L = 0, then 

4- I 






A i/ = 




Fig, 14. Thevenin’s equivalent 

circuit. 


Rs 


(#*+1) 1 -49) 

Expression (9) can be written as 

r-Rs p 




when (p+1) R s > r a 


r^4-(/ A + 1 )Rs (^+1) 

For p > 1, Av is approximately equal to one. This signifies 
that the output voltage at the source 5 follows the input voltage 
at the gate. Due to this fact common drain amplifier is referred to 
as source follower. 

Ex. 1. A common source amplifier uses FET having drain resis - 
tance r d = 150 KQ ana <*=15. Calculate the voltage gain for load 
resistance Ri equal to (i) 1 50 EH and ( ii ) 900 KQ. 

The voltage gain of a common source amplifier is given by 

A,— “ Rl 


(i) Here p 


• ¥ 


(ii) Here p 


A v 


15, rd = 150 KSl and Ri 
15x(150x 10 3 ) 
(150+150) 10 s 

15, rd = 150 KQ and R L • 
15x(900xl0») 


= 150 Kil. 
15x 150 
300 
900 KQ. 
15x900 
1050 


7-5 


12-8 


~ (150+900) 10* 

Ex. 2. A common source FET amplifier uses load resistance 
i?c.=200 KQ and unbypassed resistor Rs in the source circuit. The 
FET his drain resistance 100 KQ and /a =20. Compute the vo! 
(age gain and output impedance for R S = 5KQ. 

The voltage gain and output impedance of a common source 
amplifier with unbypassed resistor a/e given by 

^ = r7+^T+S+ry R S a;!d *-=' , <+0*+ 1 ) Rs 
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Here R L = 200 KQ, R S =5KQ, r d =l00K& and ^=20 

20 x 200 x 10 3 20x200 


Ay 


405 


Again 


R 


[,00 + 200+21 x5] IQ 3 

= -9 876 

+ 100+21 x 5] 10 3 =205x 10 3 £2 

=205 Kf2. 

. i common amplifier uses FET having r d = 200 KQ 

reht7nceR s °^l e KQ age ^ ^ ° U ' PUt impedance f or a load 

Qn . F ° '! a c . omm ° n dr ain amplifier without R L , the voltage gain 
and output impedance are given by 

P'Rs 


Av 


Here 


A v 


rd + (t*+l) R s 

20, R s =300 KQ and r d 
20x300x 10 3 


and R n —~ 


And 


R 


[200+21 x 300] 10 3 

0923. 

200 x 1 0 3 

—77 =9 52 K Q 


(m+ 1) 
= 200 KQ . 

20 x 300 

c500 


Ex. 4. 
ami m = 20 . 


A common drain amplifier uses FET having r d = 200 KSl 

The load resistance Rs is 150 KQ. A resistor Ri is 

placed in the drain circuit. Compute the output impedance and vol- 
tage gain for /?jl=100 KQ. y 

The voltage gain and output impedance of a common drain 
amplifier with drain resistor R ^ are given by 

and R 0 = rd+RL 


Ay = 


Here r d 


4 • 


fd + Ar.+^+i)^ ^+j 

200 KQ, ^=20, R s = 150 KQ and R L =100 KQ 

20x150x10 s 20x150 


Av 


And 


[200+100 + 21 x 150] 10 3 

087 

200 x 10 3 Hhl00x 10 f 

21 

340 x 1 0 3 


3450 


21 


14 3KJ2 


17*7. COMMON SOURCE AMPLIFIER AT HIGH FRE- 
QUENCIES : 

Here we shall describe the analysis of common source FET 
amplifier at high frequencies. The analysis can equally te applied 
to MOSFETs and the only difference lies in the biasing arrange- 
ment. Fig. (15) shows the common source amplifier without biasing 
arrangement. In the circuit the different interelectrode capaeh' 
tances are also shown. The Norton’s equival~nt circuit at high 
frequencies is shown in fig. (16). Using the equivalent circuit, we 
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ball calculate (i) voltage gain, (ii) input 
apacitance and (iv) output admittance. 


admittance 


(iii), input 



Fig. 15. Common source amplifier taking into account 

the different interelectrode capacitances. 



Fig. 16. Norton’s small single equivalent circuit of 

common source amplifier at high frequencies 

(i) Voltage gain : The output voltage V 0 is given by 

Vo=lZ ...(1) 

wbere /=current in the lead short circuiting terminals D and S, 

and 

Z=^Impedance seen between terminals D and S on short 
circuiting all independent voltage sources and open cir- 
cuiting all the independent current sources. 

The value of I is given by 

1= -Em Vi-\-Vil(\ljwC gi )=— g m v { + Vi (jcuCgi) ...( 2 ) 

The value of Z is the impedance of parallel combination of 

t dj and Cgi* So 
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or 


2 
Z 

2 

z 
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1 


+ 


1 


l+±+. 

y r \ ( ] u<» c '*V(i ijuc ds ) 

+ r^ + j wC !>*+juC ds 


or 


Y= , 


where 


Yr. 


Ed 


Z L 
] 

z z 

1 

Z L 

2_ 
r d " 


y L+g d + Y„ d + Y d , 
admittance corresponding to Zi 
conductance corresponding to r d 


...(3) 


Yo* JwC od ~ admittance corresponding to C gi 
*. ja>C d , — admittance corresponding to C d , 

The voltage gain is given by 

■ = L Z -_ . Sm Vj + K(Y gd ) 

r i 


or 


V~ 
c m + Y ad 


ViX Y 


...(4) 


..•( 6 ) 

..(7) 


.... . Y L+g*+Y Ba +Y d , 

li which is P d^i Wded * Tnt rf t Let the input signaI supplies a current 
(16). “hen ,ntotwo pan* and 4 as shown in fig. 

«nd ;-nJ' = y ' yr " where Y -^ wC - .(5) 

4 — (Voltage across C, s ) x K„ a where 

n, , ,, Y„=(V t - Km) y M 

But V DS = AyX Vt 

now *’* K.n. 

i he input admittance is given by 

: r J _ rr,,+n - Y qd ] v, 

K- y. 

, Yi *= Y g , -f- ( I — Ay) Y gd /g\ 

inDu^admittanrp lr0m eq ‘ that for a to P ossess negligible 
source Canadians °r Cr a ^ lde ran 8 e , of frequencies, the gate to 
negligib!e P * ^ 08 and gate drain capacitance C ed must be 

be a Dure I res!sran PaC 7 aUCe vT Let the drain circuit impedance Zt 
the gain of the amplified is^n'by''" 1 audio ' fri: ‘!“ e “ c y ra ”* e - 

* Rl _ 

Em R d where 


Yt 


A 


R' 


r d .R, 


...(9) 


’ r * + * L . ' ’ ^ a -'r d +7T z . ... v „ 

citance° W ^ ^ ^ y^lds the following expression for input capa- 

y. 

^ 1 ~~ C „ * + ( ] — sly) CgJ 


.-.(io; 
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This increase in input capacitance C, as caused by the pre- 
sence of the output-to-input capacitance C vi is called th c Miller 

Effect 

(ir) Output admittance : The output admittance is obtained by 
looking back from output terminals into drain with Vi made zero. 
Making V t =0, the output admittance is a parallel combination of 
r d , C it and C gi (fig. 16). The output admittance is given by 

Yo—gd-VYas-VYgi .--( 11 ) 

17 8. COMMON DRAIN AMPLIFIER (SOURCE FOLLOWER) 
AT HIGH FREQUENCIES : 


Fig. (17) shows the 
basic circuit of common 
drain amplifier taking into 
account the different inter- 
electrode capacitances at 
high frequencies without 
biasing arrangement In 
figure R, is the load impe- 
dance. Fig. (18) shows 
the Norton’s equivalent 
of this circuit for small 
signal. 

(i) Voltage gain : The 
output voltage V 0 is given 
by 

V 0 —1Z ...(1) 

where /=current in the 

lead short circuit- 
ing terminals 5 
and N. 



Fig. 17. Basic circuit of source follower 

with intere’ectrode capaci- 
tances. 


Z— Impedance between terminals S and AT on short circuiting 
all independent voltage sources and op>n circuiting all 
independent current sources. 




Hg. IS. Small signal high frequency equivalent circuit. 
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The current / is given by 

or ill” V v “XW m C " )=S ~ V,+ V ‘ ( '“ C -> 

' g m V^+Vi Y a , where Y g , =/« C„, ^ 

para " el combioa,iM 01 

J_.L . i.i i , 

Z~- ^ 1 


( 2 ) 



or 


or 


(>/j^C d3 )^(l/j w C a ,) 


where 


*s r d 1 (1/jatC 

L ] i 

Z ~Rs + 77 +JO) C **+j“> C d , +ja> C„, 

Y =Z>+g*+Y tn +Y d ,-\-Y 0 , 

y 1 „ 1 1 

» ^ p ~9 Sd = 

As r d 


...(3) 


z 


r JOJ C an , Y d .=jtoC d ' and Y a> . 
From fig. „ 8)i y„ =Vl _ K 

From eq. (|) and (2), we have 

V 0 = [g m Vg, + Vi Yg,]Z 

=[ g m (Yi-V 0 ) + V ( Yg 3 ] z 
~[grn Vi-g m V 0 +V t Y bs ] z 

Solving for, V 0 . we get 

= Kjtgm+YjAJZ^ 

fr+i^zr 

Hence the voltage gain is given by 

= . gw+Tg, 


...(4) 


(V Vg^Vi-Vo) 


...(5) 


V t 


T+g, 



(£s + gd+ j<oC„ n -\-ja>L ds -j-jcoCgs ) -f -£ m 

“ 1 “ jtoCg 9 _ 

(gm+gd+JojC T ) + (l/B s ) wIiere 

/ I • V 




1 +(£m+£<i-f\/a> Crt i?, 

(n) Input admittance : From fig. (18) we find that 

/,= F» (jcoC ed ) 

& u d > • . E^~(Vi— v 0 ) (j(jjCg,)^Vi ( 1 — Ay) (jojCg,) 

where Ay is the amplifier gain. 

The input admittance is given by 

f ^i+/j 

v ~~vT 

Vj (jcoC ad )+ V i ( 1 —Ay) ( jcuCg,) 


...( 6 ) 


or 


Y< 


or 


Vi 


Y ( =ja>C od -ijojCg, ( 1 -Ay) 


(V 
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This expression shows that Y, contains a resistive as well as a 
capacitive component. If Av~\, then 

YiXjutCgi -.( 8 ) 

(iii) Input capacitance : If the frequency is low enough so 
that Ay may be considered a real number, then input impedance 
consists of a capacitance C<. then 

Yi = ju> Ci 

From equation (71 

jco Ci—jit) C Q i C g , (1 

or Ci—CgiA-Cg, (1 — Ay) •••(9) 

(iv) Output admittance : The output impedance can be found 
by looking back from the output terminals into the source when 
F,=0. From the equivalent circuit [fig. (18)], the output impe- 
dance consists of parallel combination of g m , g d (=l/ra) and Ct- 
Thus the output admittance is given by 

To= = ?m+ga+J a > Cj 

where Cr=Cj n 4' C dg -\-C t ,. 

Example 1. A common source amplifier uses a MOSFET hav- 
ing following parameters : g m =l'8 mA/volt; r, j = 50 kH, C„,= 5 PF, 
C ds = 2 PF and C gd = 3 PF. The drain load resistance R L -[50 kQ, 
and the amplifier operates at 50 KHz. Calculate the voltage gain 

and input capacitance. 

Here 


Y e ,=jojC 


»» 


=yx2rcx(50x 10 s )x5x 10 -12 
=y.u.50x 10~ 7 mho. 

Y d ,=ju>C d ,=j X It. X (50 X 10 s ) X 2x 10" 1 * 

=_/ X n x 2 x 10 -7 mho. 

Y t a, =juC gd =j x 2 It x ( 50 x 1 0 s ) x 3 x 1 0-“ 

=y'XjiX3x 10 -7 mho. 

1 


it 


Y l 


2 

r d 

2 

Rl 


50 x10 s 
1 


oux 10 s 
gm — i ' 8 x 10~ 3 mho. 

The gain of the common source a; 

Y gd 


2x 10" 5 mho. 


6 # 66x 10 -6 mho. 


iplifier is given by 


A 


Yl.-\-gd “b Ygi y it 

— l*8x 10 -s +j.7r.3x 10 -7 


“6-6ax 10- 9 +2 x10- 6 +>.3x10“ 7 -|-JX7;X2x 10- 7 

-l-8xl0- 3 +7.rt.3x 10- 7 
= 2-66xl0- 5 +/it.5xl0" 7 

The j terms are negligibly small in comparison with real 
terms. Neglecting the j terms, we have 
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— 1*8 X 10~ 3 
2*66 x 1 0~ 6 


67 67 


The input capacitance is given by 

c i=Cos+(l-Av) C v4 
= 5 + (l -f 67*67) 3=211-01 PF. 

the frUowho n ar ™J 0mm0n d \ ai P am P li ficr uses MOSFET having 

cj~l P^c -2 PP '■ , gn=] ' 5 mAlvolt • r * = 50 TO. C„=3 PF, 

The source cireuU PF ? nd s ° urce to ground capacitor ce C, „ = 1 PF. 
50 K. Hz Calculate * <7^° A The amplifier operates at 

capacitance and (iv) outpufafmitfance^ admittance inpJt 

Here 


gm 

gd 

Y.. 


C 


(i) Voltage gain A 


= l*5x 10~ 3 mho., 

■l/r d = l/(50x 10 s ) = 2x 10 -s mho, 
j*>C» =j 2 n x 50 x 1 0 s x x 1 0 ~ 1J 

=j n -3 x lo~ 7 mho. 

Qn + C ds + C at = 1 -f- 1 4 - 3 = 5 pF 

JujCt =j (2ti) 50 x 1 O' 8 x 5 X 1 0~ 12 

== / Tr * 5x 1 O' 7 mho. 

, (gm + jj'Ca.') P t 

1 T ( -f gd r jurCr) P, 

(l*5x lQ- 8 + / .7t.3 x 1 O' 7 ) 1 00 X 1 0 s 
1 + (1 5 x l0 -3 -f 2x i0- 5 +y.jr.5x 10 -7 ) 100x10 s 
1-5x10 -3 + ,>. 3x io-7 

10- 5 +050x10-s + 


Thp f ^ ^ ~r± A iu ■ i )+y.n.5x 10' 7 

jj ence * s are ext remely small and may be neglected 


Ay 


1*5 x 10~ 3 


0-98 


<iii) Input capacitance C< 


153x 10 5 ‘ 

(n) Input Admittance r L =.j<oC wd +jcoC g . (1-Ay 

~j.2n. 50 x 1 0 s x 2 x 10~ 12 

~2 jn x 10 -7 mho. 

= Ced-{-C v , (1 Ay) 

=2 + 3 (1-0 98) P.F. 

=2 06 PF. 

(IV) Output admittance Y 0 =g m+gd + jta c T 

= 1-5 x 10~ 3 + 2x 10~ s +y>.5x 10 

^152 x 10-* mho. 


~T 
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The theory of oscillations developed in vacuum tube oscilla o rs 
is equally valid for transistorized oscillators. The network associa- 
ted with the transistor determines the frequency of oscillations, 
while characteristics of transistor with circuit determine the condi- 
tions of oscillations. The oscillators may be classified as : 


(/) sinusoidal oscillators, and 
(ii) relaxation oscillators. 

Sinusoidal oscillators are those oscillators which operate on the 
linear portion of its characteristics, whereas the relaxation oscilla' 
tors operate on non-linear region of its characteristics. T1 ey are 
again classified as : 

(/) feed back type, 

(ii) negative resistance type. 

In feed back oscillators, part of the output is fed back to the 
input in proper phase and magnitude. In negative resistance oscil- 
lators, the transistor provides the negative resistance which cancels 
the positive resistance of the associated circuit and thus provides 
for oscillations. 


FEED BACK OSCILLATORS ; 

18 1 . TUNED COLLECTOR OSCILLATOR : 

Figure (la) shows the tuned collector oscillator using a junc- 
tion transistor with an external feed back 
path. The oscillator contains a tuned 
circuit in the collector circuit. As in case 
of vacuum tube feed back oscillators, a 
part of the output voltage is fed back to 
the input ; similarly in transistor feed 
back oscillators, a part of the output 
current is fed back to the input. 


The output developed across the tuned 
circuit is inductively coupled to the base 
circuit through L 2 . The winding direction 
of the two coils are so adjusted that the 
positive feed back takes place from the 
collector circuit to the base circuit. 



Fig, 1. (a) Tuned collector 

oscillator. 
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I-8x IO - 3 


2‘66x 10-8 


6767 


The input capacitance is given by 

Ci = C vt +(\-Av) C gi 
= 5 + (l +67-67) 3=211 01 PF. 

the Mowin* nnr„ A ,° mmon drain am P u fier uses MOSFET having 
C d !~\PF a C -TpF S : , gm==] ' 5 mA ! Volt - r d = 50 ESI, C f ,= 3 PF, 
The source rirrZu PF and s ° urce t0 ground capacitance C s „ = 1 PF. 

50 K H- Calculnt re f™ tor XF>. The amplifier operates at 

capacitance and {iv)outp'u, ad,nUmncf‘ ) **"" <i " ) *** 

Here 


8m 

gd- 

Y„: 


(i) Voltage gain A 


= i’5x I0 _s mho., 

l/r d = l/(50xl0 s ) = 2xl0-5 mho, 

■jtoCgs = j. 2 tt X 50 x 1 0* x x 1 0“ 12 
=j -rr.3> x 1q~ 7 mho. 

C,„ -f c ds -(- C a , = 1 -f i -f 3 = 5 PF 
jurCr =j (27t) 50 x 1 0- s x 5 X 1 0~ 12 

=/«-.5x 10' 7 mho. 

(gn + ft. 


1 + ( Mm + g.i T JujCt ) R, 

(Llx_io_-»+y. K .3xiO-’) lOOx 10 s 

i+(i 5 x io- 3 +2 x To -«+y. w .5 x io- 7 ) ioo xlo* 

l‘5x lQ- 3 + /.7r.3x 10~ 7 


The / ferm i ri' rU3UX 1U_t> + 2x 10 ' 6 )+/^5x 1°- 7 

Hence w are ex( remely small and may be neglected. 


Ay 


0-98 


1*5 x 10 -3 

153 xHoH® -5 

(i>) Input Admittance r L =-ja>C, d +jue g , (1 -Av^jwC oi 

~j.2n. 50x 10*x2x 10 12 

... £z2jrrx 10~ 7 mho. 

<»') input capacitance Ci=C td + C g , (1 -A v ) 

= 2 + 3 (1-0 98) P.F. 

=2 06 PF. 

(IV) Output admittance Y 0 =g m+gd+jai c T 

= l-5x 10-3+2xlO- 6 +y>.5xlO 

~152 x 10 -B mho. 
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The theory of oscillations developed in vacuum tube oscillators 
is equally valid for transistorized oscillators. The network associa- 
ted with the transistor determines the frequency of oscillations, 
while characteristics of transistor with circuit determine the condi- 
tions of oscillations. The oscillators may be classified as : 

(/) sinusoidal oscillators, and 
(//) relaxation oscillators. 

Sinusoidal oscillators are those oscillators which operate on the 
linear portion of its characteristics, whereas the relaxation oscilla- 
tors operate on non-linear region of its characteristics. They are 
again classified as : 

(/) feed back type, 

(//) negative resistance type. 

In feed back oscillators, part of the output is fed back to the 
input in proper phase and magnitude. In negative resistance oscil- 
lators, the transistor provides the negative resistance which cancels 
the positive resistance of the associated circuit and thus provides 
for oscillations. 


FEED BACK OSCILLATORS ; 

18 1. TUNED COLLECTOR OSCILLATOR : 

Figure (la) shows the tuned collector oscillator using a 
tion transistor with an external feed back 
P at h. The oscillator contains a tuned 
circuit in the collector circuit. As in case 
of vacuum tube feed back oscillators, a 
part of the output voltage is fed back to 
the input ; similarly in transistor feed 
back oscillators, a part of the output 
current is fed back to the input. 

. The output developed across the tuned 
circuit is inductively coupled to the base 
circuit through L 2 . The winding direction 
of the two coils are so adjusted that the 
positive feed back takes place from the 
collector circuit to the base circuit. 


junc- 


+ ^ce 



f ig- 1. (a) Tuned collector 

oscillator. 
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BOfk 


«St ( <i ^ustag" 5 ‘ he eqUiVa,ent circui ' 0( 

mfr hy J’ r J J d ,» odel ' . The transfer* 


”ee r „ rigSfd T! an “ S haw 

in »««ed 

given T by ^ baCk Vollage V ’ « 

Vf=-ju>Mr L . (U 



{R+jwL,) l L 


F ig. I. (/>) Equivalent circuit ol 
uned collector oscillator using 
CE hybrid model 

/c 


J aj C ] 


Hence for feed back network, 

y% ~{^+ja>L 1 )I L R+jojL.- 

Further v s= - v ; 


...( 2 ) 


0 


ja>M 


..( 3 ) 


The current / is given by 

/= h te Ib+h oe V,. 


...(4) 


Z 


~ - « --W 0 r m. 

hen transfer impedance Z r is given by 

Vf -jo Mir 

(R+juiLx) 

'flu- 


-.(5) 


1 ~h+I c 


Also 


..( 6 ) 


L 


Equation (5) may be put as 

~Zr =h,e - £ e +h ° a V * 


-.( 7 ) 


or 


_Vs 

Zr h oe 


hf c V 


hlo hoe 


w V | v ’ W {J 

Hence the gain of the amplifier is 

\ !_ [ h fe 1 

Vs 


A 


" s L Hio.hoe ' Z T h 0B J- .. (8) 

/40^imust I e t qua^ < one C * IIat ' OnS ’ accort *‘ n S to Barkhausen criterion, 

Hence from equations (3) and (8), we get 

//.I r f 


i 


h fe , 

e i L hie hoe ^ Z r h 00 J~" 

1 uting the value of Z T from equation (6), we have 


1. 


...w 
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jcoM 


h f 


{R+jcoLJ | h u .h ot + 


1 


h 


oc 


■ja>M 


or 


mM r 

+juiL 1 )[h ie ‘ 


or 


ja>M 

(R+j 

juM. hfe 

h ie .h, 


1 


1 


l + ( R ju>C x 
__ tt + (R+ju>LJ ju>Cx) 
hoe h 03 . jiuM 

R.juj£x_ju)Lx x jioC t 



J'imC. 


or 


or 


<«•«<>« h oe h oe h„ 

Multiplying by hoeljwC-x on both sides, we have 

Equating the real parts in equation (10), we get 

hfe M _ . L\ hoe 

h te cr^~cr 

hfe _ RCx+hoe L x 

h,o M 


R-\- !o)Li. 


...CiO't 


...(H) 

Equation (11) gives the condition for sustained oscillations, 
quating the imaginary part in equation (10), we get 

ojL, 1_ — hoe_R _o 


or 


CD 


Cl)Cj (J)Ci 

-zk [1+/, ° 9 R] 


...(12) 

This equa 


=<V0 +h„e R). 

EquaMon (12) gives the frequency of oscillations ^ 

tion shows that the frequency of oscillation exceeds the frequency 
of resonance of the tuned circuit. 

18 2. TUNED EMITTER OSCILLATOR : 

Figure (2 a) and {2b) show the tuned emitter oscillator and 
its equivalent circuit. 






F'g- 2 (a). Tuned emitter 

oscillator. 


Fig. 2 ( b ) Equivalent 

circuit. 
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lecto^resistanc^heinat'^"' °J 5 iaS ci . rcuit is tenorea. The col- 
their effect are neglMted. 8 ^ ^ res,stance of coil L * bein g low » 

The loop potential equations for meshes (1) and (2) are 

, \\ + 1 - I e /jcoC± ju>MaI e = 0 

4 p,m c + r n + tj^C) — l/jcoC—xI 0 r b == 0. 

/ f T 1 \ e + rb J 1 7“)* in equation (2), we have 

/ (r +j(t)L 1 + 1 / j(x)C= I e [ 1 / j<oC=fjwMa], 

and \lju>C=I e [/? + 1 lju)C]. 

hrom equations (3) and (4), we have 

1 ' 1 X -(*+J V - - 1 

\ J { 


• a; 
•••( 2 ) 

...(3) 

...(4) 




jioC \ J,jj 

Equating real parts 

1 -p A/a 

co 2 CT + C 


jioCji r +J° >L i 


jaiC 


\ 


Rr+L,!C 


1 


co 


2 <y 


Solving it, we have 

T . . . , M=±[(CRr/a ) + (L l / «)]. 

i nis is the maintenance condition and a> 2 = 1 /( L,C) 
Equating the imaginary parts, A 1 

^Q-\-caL i R~ R/coC 
to^hCR =R+r 


0 


so 


/= 


1 



This is the generated frequency. 

18 3 HARTLEY OSCILLATOR : 

3 J(f) sho - s the circ “it of Hartley oscillator using a 

iiauiisior. The nnllprtnr siinniv vrUt Q nro i n n rv J 



A: 


><? 





Fig. 3 ( b ) Equivalent circuit of 

Hartley oscillator. 

through inductor L . The reactance of L is hieher than L 2 and 
hence may be omitted from tne equivalent circuit. The capacitor 
c as a low reactance at the frequency of oscillation and also may 
oe omitted from the equivalent circuit. However, C c acts as an 
pen circuit at zero frequency. Therefore, it prevents collector 
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supply V te from getting short circuited by L in series with L 2 . The 
parallel combination of R , and C„ in conjunction with R t and /?, 
combination provides stabilized self bias. The frequency of oscilla- 
tion is determined by the tuned circuit Z a -T 2 and C. Since the cir- 
cuit extends from the collector circuit to the base circuit, the feed 
back needed for sustained oscillations takes place through the tuned 
circuit itself. 

Analysis : 

The equivalent circuit of Hartley oscillator is shown in 
fig. (36). Now we proceed to calculate the frequencv of oscillation 
and the value of transistor parameters needed for sustained 
oscillations. 


The effective load impedance Z L is given by 


f 

jtoL 2 




JojL 2 + 


1 

joC 



h{ e jcoLi \ 

hi 6 +ju>L \ I 



h ic • jtoL i 

hie+j(*>L i 



The voltage gain without feed back is given by 

—nZ L 

jcoLi -+ hj e 

jojLi^Hie jtoC 
-H-Zl 


P 


• • 




jtoL l h 


X 


ce 


j L °T l .hj e l(h t g-\-j ioLi) 

ju)L x h i e ^ 

jltiLy + hig 


1 


JojC 


( 2 ) 


...( 3 ) 


..( 4 ) 


From equation (1), substituting the value of Z, and rearranging, 
we get e 


h 


^ L x L 2 h fe 


M 


OjL\ -f- CO Z>2 — 


1 


(jjC 


) <mL a .ojL 

J 


O ( — 1 / U)C ) 


ce 



hoe 0)L X ^ ojL 2 — 


.. (5) 


cx)L>hi e ( toL 


■-i) 


The loop gain to be real, the imaginary term in the denominator 
must be zero. 


• • 




^ coL l -T to£, a 



ujLi+ojLz — 


1 
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or 



co 2 LjLy 


oe 


...( 6 ) 


where < l >L l =X l and o>L 2 =^ 2 . 


frequ^cy of seri^resSnce ZofZ"^ and ! C® h “ y ,ha “ ' he 

applying BarkhaTsencriterion?- is- f?f° ' cll,ation ,5 > a " d 

we get ( 4p—i) for sustained oscillations, 


1 


^hi e (oL 1% c oI_ 


hce coL 1 ( (uL 


But 


0>c)~ hh/e ( Wi ! 


tt, Zl~f-£oZ 


2 

coC 



( 7 ) 


0. 


] Pts — u ^ i9 0> t-i ojL ., 

h “ ojL 2 {~ajL 2 ) 

hoe coL^ .U)L 0 

(-W ,! A'‘ ! )+/^7(- tu 2L 2 ^ 


or 


h 


hfc h oe 0)2 

~~ihToj' i L^ 

wi i A 

Z 2 • 


since h (e > h (e ( -<JL?) 


h 


fe 


...(9) 


exists mutual fnductJnc^yi/ between coT'r^ ° scil,ations • If there 
(8) gets modified as below 1 S Z * and Z *> then ^nation 

L>2 + yl/ • 

18 4. COLPITT’S OSCILLATOR : 

, Th^ dtJuh'of C S olpitt C ’ rCU,t diagram ° f a CoIpitt osciI,ator 

oscillator is the same as 
that of Hartley oscillator 
except that the emitter tap 
is connected between the 
capacitances C, and C a . The 
frequency of the oscillator 
is determined by the reso- 
nance of the tuned circuit 
but this is affected by tran- 
sistor parameters and load 
resistance. We shall now 
consider the effect of the 



Pi®- 4 (a) Colpitt’s oscillator, 
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transistor parameters on the frequency of the oscillator. 

Figure 4 ( b ) shows the equivalent circuit of Colpits oscillator. 

z&ws/sro/? 

i I 



_ 

Fig. 4 ( b ) Equivalent circuit of Colpits oscillator. 

I gi C | Co 

5== Q + c^’ then *he circuit equations raay be written as 


'(- t -=a) 


,c; 7 * + «& /c==0 - 


-./ 

coQ 

% 

J 


A + ( r*+r ( 


wC, ) 


/i,+r,f c =0. 


^i+( r ff r m) A -f- [ r f -}- r c — r m 


. (1) 
•••( 2 ) 


wC 3 '* r v-”*> ^c=0. ...(3) 

For oscillations to occur, the determinant of the above eaua- 

10ns m “ st be zero - Equating it to zero, the real and imaginary 

2 S nUL dete [ mma f nt separately, we obtain the feed back con- 
uition and operating frequency. Hence, 




J 

ojC 1 


Zl_ 

ojC 1 

r b~\~ r € — 


<D 


c 


J 


ujC, 


J C oL~ 


c uCj 

I 


(»V— I’m) 


( 'V + 




7 ^ 



a *€%) 


=0...(4) 


-CQ/u r * +r '-Sc-A r - 

»c,{ (r '» ^fc J - te; ) ( 



r o-\~r € 


m 


j 


+ 


tuC 

« 

_7_ 

ojC. 


r d + r c — r 


aiC 2 

J 


r * ( r o— r m ) 



('W.l-jJgrl r, + ,. 
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Hand 


or 


o,L — V-— I r ‘ +r °~ r A ■ /«+^-r- 

+ coC, J + <n«C\* + 


r*+r # 2r # -r m 

cuQ /\ oiC 2 T oCj ) ^ u>*Cj* 

= 0 . ...( 6 ) 

The frequency at which oscillations start is very near to the 
resonant frequency of resonant circuit. 

i.e. wL — —£t=^0. It may also be assumed tnat r € < r m . 

The equation (6), then becomes 


~h . r & ~f~ 2r ^ r ^ 

a) 2 C 2 2 ^ 2 C 2 a “ + a^QC, 


0 


or 


(r5+r#) (q ) _r - (S") +(r '“ 

-r„)«= 0 ...(7) 


since r. r m . 

Equation (7) is quadratic, hence 


Ci r m + ^{(r m 2 —4(r b +r e )(r e ~r m \} 
Ci 2 (r b -\-r t ) 

...(8) 


The second term in square root is small in comparison to r m 

• ^ rtn^“ r tn ^ r m 

• • c 


2(^6 +r # ) 

Equating the imaginary part to zero, we get 
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^—( r b+'’g) (r e + r c — r m ). 
From equation (10), we get 


..( 10 ) 


f 2n J ( LC, + AC t C t )■ 


...(10 


Equation (11) gives the frequency of oscillations. 


In order to obtain a 
good frequency stability, 
crystal controlled oscil- 
lator is used. The crystal 
controlled oscillator is 
similar tooolpitt’s oscilla- 
tor except that the induc- 
tance is replaced by a 
crystal. Figure 5 shows 
the circuit diagram of 
a crystal oscillator. 



Fig. 5. Crystal controlled oscillator. 
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18-5. PHASE SHIFT OSCILLATORS : 
18-5-1. RC OSCILLATOR : 


A 


/• 

b 


* 


/ 


a* 

f 




• >• 



Fii. 6 KC oscillator. 


The phase shift transistor oscillator is similar to vacuum tube 
phase shift oscillator. Figure 6 shows the circuit diagram of phase 
shift oscillator. To obtain a positive feed back essential for oscil- 
lations, the frequency deter- 
mining circuit must intro- 

duce a phase change of 1 80°. ' 0(/rPe/ * 

This phase shift of 180° is 
obtained with three cascade 
sections C t R lt C 2 R a , C 3 R 3 
(eacn section consists of a 
series coupling capacitor and 
a shunt resistor) each shifting 
the signal by 60° The phase 
shift comes about because R 
and C provides a current 
which leads the applied 

voltage by certain angle. The smaller is the capacitance more will 
the current leac the voltage for a given resistance. With a proper 
c oice of R and C, a phase shift of 60° per section is achieved. 

The problem of a phase shift network for a transisor is some- 
wnat complicated in comparison to vacuum tube because of low 
input impedance of the transistor. The last resistance in RC com- 

parallef whh°R simp1 ^ R * but the transistor input resistance in 

, , N " nn u aI, y the frequency determining resistors are equal and 
similarly the frequency determining capacitors are equal, ie. 

^i s= ^2 = i?a 

and C 1 =C 2 =C 3 

In order to consider 
the frequency of oscillation 
and attenuation of the net- 
work we proceed as follows: 

Figure 7 shows the equi- 
valent circuit of figure 6 in 
which /j is the signal 
current from the collector 
circuit and / 4 is the signal 
current into the base circuit. 



taction 


Applying Kirchoff’s law, we have 
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va. u cf u ‘ ing the 

( 2 ^--4) 2 

or sub.-.rr^ 4 "^-^) 7 -^ '" (4) 

we get S U f ^ e va ' ue f rom equation (3) in equation (4), 
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wC cy 2 C“ C0 3 C S 


. For a phase shift ofi80° between I and r th* 
taming j should vanish and we have 4 *’ 

J J 6/? 2 „ 


CO 


C 3 ojC 


or 


c « ! C 2 ' 


6R 2 . 


OlC 


..•( 5 ) 


terms con 


V(6 ).RC- 

The frequency of oscillations is given by 

2tuV(6 ).RC- 

At this frequency, from equation (5), we have 

R 3 _ l 

7 ’ R3 ~^ x 6 ^ 2 C 2 29 


...( 6 ) 


•••( 7 ) 


From equation (7) it is clear that transistor must give a 

current gain of atleast 29 to achieve oscillations. Thus a transistor 

with high value of feed back is selected to give oscillations. For 

sinusoidal output the transistor must not oscillate too strongly and 

the gain should be adjusted to give only a small amplitudes of 
oscillations. 

a-i ^ c ° nvenient . value for the frequency determinine resistor is 
4*/ LU because this permits a collector current ofl or 2 mA. 
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with a low supply voltage. The value of capacity required (say 
tor oscillator 1 Kc/s) is calculated from equation (6), i e. 


2"V(6 ).fR 


2 x 3 ‘ 14 x 2 ' 45 x I 0 3 x 4 7 xl 0 3 

O’ 0 1 i m F approximately. 


Farad 


18 5-2. WIEN BRIDGE OSCILLATOR : 

This is also audio frequency oscillator. The advantage of this 

oscillator is that the frequency may he varied over a frequency 
range 1 : 10, whereas in RC oscillators the frequency cannot be 
vaned, i.e, RC oscillator is a fixed frequency oscillator In RC oscil 
Jator both frequency determining network and amplifier introduce 

a phase change in the signal and positi\e feed back is obtained- 

un the other hand, the oscillations may be obtained by arranging 

mm ^ work L and amplifier to introduce zero phase shift and act- 
ually this is the principle of Wien-bridge oscillator. 

The Wien-bridge network is ^ 

shown in figure 8. The upper 
arm consists of resistance and 
capacitance in series, while the 
lower arm of equal resistance and 
capacitance in parallel. The net- 
work is supplied from a constant 
voltage source and is terminated 

man infinite impedance. The 
phase shift and attenuation 

introduced by the network can be calculated aTfollowf: ne, " 0rk ' 
The impedance of parallel RC network is ,, 

R- ( j/uC) d RC 

series network is [ R 




• • 


'0 

E ln 


R 


impedance of par allel combination 

Total impedance 
—(Rj'/ojC) 

R-UlwC) _ 

(Rj'coC) 


- 0 ) 
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coC 


R - ( j/otC) 
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JR 

CO C 


R 2 


3jR V 


) 


or 


cv 2 C 2 c oC 

There is zero phase shift if the terms in j vanish, i.e. 

RC' 

1 


...( 2 ) 


to 


* * 2t tRC- 

Again from equation (2), we get 

Ep_- JR/toC 

3/R/ojC 


• • 


( 3 ) 


I- 


E,n -3JK/COU * ...(4) 

The maintaining amplifier thus requires a gain just exceeding 
3 to sustain oscillations. Figure 9 gives the circuit diagram of the 
vyien-bridge oscillator. The amplifier section employs three tran- 
sistors, two as common emitter stages connected in cathode to give 
the desired characteristic. The final stage is an emitter follower 
which gives unity voltage gain for feeding to the frequency 
determining network and the output terminals of the oscillators. 



Fig. 9 


is 
lations 


Sirr ^lifted circuit diagram for a Wien-bridge oscillator 
with range switching. 

with negative temperature coefficient is connec 


n in ngure wnicn staomses tne amplitude or me 
i vs lao. Any tendency for the output amplitude to increase, 
ncreases the negative feed back, and thus decreases the amplifier 
sain; consequently checks the rise in amplitude. 


/ 
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i. 


EXERCISES AND PROBLEMS 

Answer the following : 

(i) Is it correct that oscillator is an amplifier with infinite gain ? 

(ii) Why do you prefer CE configuration in oscillator circuit 7 

(iii) How are oscillations normally produced in most transistor osci- 
llators ? 

Draw the circuit diagrams of Hartley and Colpitt oscillators and obtain 
the expressions for the frequency of oscillations. 

Explain with the aid of circuit diagram the working of a transistor R-C 


2 . 


3 . 


Discuss the operation of a phase shift oscillator. 

A phase shift oscillator using a PNP transistor has the following circuit 
constants ? 

V t»— - 10 volts Ri=Ri=R t —3'2 KQ 

Rl~ 10 KQ C’ 1 =C a =C»=0 - 02 fif : 

Calculate the current and frequency of oscillations. 





MULTIVIBRATORS 




191. SWITCHING CHARACTERISTICS OF A TRANSISTOR 

nn „ An ' deal SWItch is one which offers infinite resistance when 
open and zero resistance when closed. Consider the case of a tran- 

* *?. C ? m ™ 0 . n e, ? ,tter configuration with a step input voltage 

stow„ P i„ 4 (ri). baSe 38 Sh0wn The load line is 



Fig. 1. Common emitter transistor 

In the absence of input voltage i.e , vt = 0 , the base current h 
zero. Now no current flows through load resistance ki except 
the leakage current Iceo which, of course, is very small. In this 
state the voltage from collector to emitter is maximum V cc) 

because there is negligible voltage drop across R L when /c=0. The 
transistor is offering a fairly large resistance to the flow of current 
(R 0 ft=VcEl Iceo) and hence the. transistor is cut off. The leakage 
current Iceo can be minimised bv reverse biasing the base emitter 
junction with a proper bias. The leakage current now comes 
down to cut off current Ico- The transistor offers very high resis- 
tance andone can think the transistor as being open. 

Let us now consider that a step input voltage is applied bet- 
ween base and emitter. Now base current flows. The switch is in 
N position. The base current necessary for it can be obtained 
rom load line. Usually, more current than the minimum base 
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Qhn re i?k° JUSt ca L Se saturation is used to switch the transistor It 

tat it wS b a T d tha ! ifthe trandstor is ia heavily Curated 

collector current and is very small. p P 

J 1 ' S °h v ‘ous from the output characteristics fig. (1 b) that as 

rease1n e vnlt rent inCreaSeS -' the vo,ta ? e v ce decreases. The dec- 
rease in vo tage is appreciable till the base current reaches a cer- 

he change When tbe base current is further increased, 

ncreases th k “ ^ ar S inal - Physically as the collector current 
fo T! a S tbe base collector voltage decreases and reverses s.gn 

minoHt Va UC collector current Under this condition the 

base InH C tt rn f rS are ,n J. ected from em 'ttcr and collector into the 

t " IZ • nS t?°ilr S Saturated - The voba S e across the collec- 

CrVh^T' f T £ iS is ^P'-e^nted by Vc E , and is ve “ 

SLJaV a C£l ’“'’. ,ocollec,or currem r«Pre«nis the 

esistance offered by the transistor in saturation. This resistance is 
very small. Thus when the transistor is in OFF state , it offers very , 

i*nC\ u es ' stanc . e co n du c’ing only few nano amperes of current and when ' 
m U[N state > it offers a low resistance of few ohms. 

19 2. SWITCHING TIMES IN A TRANSISTOR 

* S observe d in a transistor that the application of a sauare 
wave input to the base-emitter junction is not followed direcOy by 
a cti ange ,n the output voltage because of capacitive effects There 
on tk 6 ay ‘ Th e time interval between the instant of switching 

certam time there is a delay. This delay of time is represented 
y d and is shown in fig. (2). After the transistor goes into active 



ig. U) Showing the input square wave, resulting output 

waveform and the time delay involved when the 
transistor is driven into heavy saturation. 
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state the output current increases exponentially with time due to 
the capacitance existing at the input terminals of the transistor. 
The time required for the output current to rise from 10% to 90% 
of its final value is called the rise time. This is denoted bv t The 
sum of the two times is known as turn on time t on ie. 


ton — t&-\-t r ...(1) 

When Vjje goes to zero, there is a delay before i 0 starts to 
change due to the charge stored in the transistor. The delay is 
referred to as charge storage time and is denoted by t 8 . The fall time 
to reach 10% of the initial value is denoted by tf. The sum of 
these two delays is termed as turn off time t 0 f/> i.e. y 


tr/rll?^!fr’c e h^ e ^r m ^ ere ^ tflat r * se anc * fall times depend upon the 
transistor s high frequency characteristics 

193. MULTIVIBRATORS 


A multivibrator is a relaxation oscillator consisting of two 
stage resistance coupled amplifier with the output of each stage 

coupled regeneratively to each other. The relative condition of 

each of the two stages i.e. y conduction in the first stage and cut off 
in the second stage or vice versa is termed as state of the multivi- 
brator. the condition in which the multivibrator may remain 
indefinitely until the circuit is triggered by c orae external signal is 
known as stable state. Multivibrators performs a variety of useful 
functions like generation of square waveforms, counting, frequency 
division, generation of time delays etc. The multivibrators can be 
classified in the following three categories : 

(1) Astable or free running multivibrator 

(2) Monostable multivibrator 


(3) Bistable multivibrator. 


(1) Astable multivibrator — Astable multivibrator is a multi- 
vibrator in which neither stage is a stable state. There are two 
quasi-stable (temporary) states. The circuit changes state continu- 
ously from one quasi stable state to another state at regular time 
intervals without any triggering. This generates continuous square 
wavefornfi without any external signal. 

(2) Monostable multivibrator — Monostable multivibrator is 
also known as one shot multivibrator or univibrator. This has 
only one stable state. When a pulse is applied to the input circuit, 
the circuit state is changed abruptly to unstable state for a pre- 
determined time after which the circuit returns to its original stable 
state automatically i.e. % by itself. The circuit enables production 
of pulses of variable width at the required moment. 

(3) Bistable multivibrator — Bistable multivibrator is also 
known as flip-flop, binary and scalar of two circuits. It has two 
stable states. Bistable circuit may stay in a particular state inde- 
finitely and hence can be used to store binary bitofinformatmu- 
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At h thl an external tr j88 er is applied, the state of binary is changed 
3 h t r i h r f.,° CC f Urrence of each triggering pulse, the circuit state changes 

memory devTe ° De ^ t0 an ° ther ™ S is USed aS a digital 
19 4. ASTABLE MULTIVIBRATOR 

A free-running or astable multivibrator has no stable states, 
ut the circuit has two quasi stable states ‘transistor first ON and 

transistor second OFF’ and ‘transistor first OFF and transis.or second 
, and it makes periodic transitions between these states with- 
out any external triggering. Fig. (3) shows the circuit diagram of 
an astable multivibrator and fig. (4) gives the waveforms. In fig. 

(j), Rli and R L2 are the collector resistances for transistors 7\ and 
2 respectively. C x and C 2 are coupling capacitors, R Bl and R Bl 
provide ON state base current to the two transistors respectively 
during saturation region. In symmetrical multivibrator 

Rli=Rl 2 , Rbi=R B2 and C, = C 2 

iouaU„T>°T' S “ half of the circuit are considered to be 
equal to their components in the other half. 



, Operation : 
follows : 


(3) Astable multivibrator 


The operation of astable multivibrator is as 



yansS 0 ^ ll g : e V l |m 0 e K! a u i." s,a " in « <>.. how the 

transistor T, conducts more th^n fr ?° t me circuit imbalance, the 
through transistor T x is more than ° r ^ CUTrent lowing 
tor T,. Due to this to the Si 0 f CU f r n nt r 7 ing in tra " sis - 

that of v c , ° f fl " of Vc r IS more than 


2 * 


The changes of collector voltage r»r r 


1 

ill 


tr» 


^ i 
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Fig. (4) Waveforms at the collector and base of transistors 

T l and T % in astable multivibrator. 

base of transistor T 2 negative. This decreases the conduction of 
T a /.e., collector voltage Vc increases and approaches towards 

Vcc . The increase in Vc, will be transferred to the base of transis- 
tor T x through capacitor C 2 . So the conduction of r x further 
increases. This further reduces the collector voltage Vc l which m 

turn makes the base of transistor To more negative thereby further 
reducing its conduction. Thus due 10 the positive feed back 
action, the transistor T x comes in the saturated legion and transis- 
tor To comes in cut off region. The circuit settles down momentarily 
with transistor 7 \ in saturation and transistor T 2 in cut off. This is 
only a quasi-stable stable. In this state Vc x is approximately zero 

while Vc 2 is approximately equal to Vcc. This permits the charging of 
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C, through Rl 2 and the base emitter junction of transistor T x 

comes to a potential approximately equal to Vcc . The charging path 
is shown in fig. (5a). Meanwhile the condenser C x which had 
previously charged to Vcc (when T 2 was conducting) discharges 
through 7\ and as shown in fig. (5b). The initial pulse of 

discharge current from C x through R$ l makes the base of T t sud- 



Fig. (5a) Charging of C, through Fig. (5b) Discharging path of C, 

and through T x and R 0 

denly very negative approximately equal to - Vcc as shown in 
waveform of V Bi . This causes transistor T,, to be cut off as assumed. 

The transistor 7\ is kept in the conducting state by base current 
provided from V ee through R Br so V Bl is slightly positive. The 

charging current of C t through Rl 2 has now ceased. The length 

of the time for which T t is held off is determined by the time 
constant of discharge of C x through T x and R B ^ 

Now T 2 is no longer cut off but starts conducting. The 
collector voltage of T 2 begins to fall. The falling collector voltage 
is communicated to the base of transistor T x via capacitor C 2 . This 
causes the reduction of base voltage of transistor T t and conse- 
quently there is an increase in collector voltage wh-ch is 
communicated to base of To via capacitor C x . The conduction 
of T 2 increases. The regenerative process continues till the 
transistor T 2 is in saturated region and 7\ is in cut off region. 
Under these conditions Vc^—Vcc and Vc 2 =0. The condenser C x 

charges through R Ll and T 2 causing an increase in the positive 

voltage at base of T t as shown in fig. (6a). Meanwhile C t dis- 
charges through T 2 and R Bt as shown fig. (6b). The interval in 

which transistor T x is held in non-conducting state depends upon 
C t time constant. 


f 


85a 


Hand Book of Electronics 


V c 
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- 

e, 


\ 
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Fig. (6b; The discharging paih of C g 


Fig. (6a). Charging path of C, 

through T, and R^ through T, and R B , 

Here it should be remembered that turning on of one transis- 
tor, s.y y 2 and its falling voltage at the collector permits the 
discharge of a capacitor which drives the transistor Tj into cut off. 
1 he using voltage at the collector of T 1 ‘feeds back’ to the base of 
J , tending to turn it on more. The process is regenerative or 

cumulative. 

Frequency of oscillations : The frequency of oscillations can 
be calculated in the following way ; 

During the discharge of condenser C 2 , the value of Va. i is 
given by 

Vcc — ic i Rb x •••(!) 

The initial discharge value of current ic t s given by 


ic 


Vcc-h Vcc 
Rb. 


The 


because the capacitor charges upto Vcc approximately, 
current decays exponentially with a time constant RtfCx 

Vb 2 —V cc — 2V C c exp. (— t/RB 1 -C 1 ) ..(2) 

Suppose Vb s =0, when the transistor is switched, then 

0 « 


or 

or 


Vcc^O) 


* Vcc [1 — 2 exp. (—t/Rs^C j)] 

exp. (r/i?a 1 .C 1 )= 2 (V 
t=R Bl .C 1 log 2=0-694 R Bl C 2 

Thus the off time (r„) for transistor T~ or the on time of transistor 
Ti is given by 


-( 3 ) 


r 2 = 0 694 Rn .C x 


...(4) 
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Similarly, the off time (f x ) for transistar T x or the on time ol 
transistor T 2 is given by 

^=0-694 Rb 2 .C 2 ...(5) 

The total time period r=0-694 ( R B i Cj + Rb,, C 2 ) 
when Rb^Rb^R and C^C % =C, then 

Total time period T=1-39RC ...(6) 

The frequency of free running multivibrator is given by 

1 

Total time period (T) 

1 

1 * 39 RC' 


The frequency stability of the circuit is not good as it is not 
only the function cf the product of RC but also depends on load 
resistances, supply voltages and circuit parameters. In order to 
stabilise the frequency, synchronising signals are injected which 
terminate the unstable periods earlier than w^uld occur naturally 

19 5. MONOSTABLE MULTIVIBRATOR : 


A monostable or a one-shot multivibrator or a univibrator 
has one stable state i.e., permanent and the other as 
temporary i e., quasi-stable. When an external trigger is applied 
to the input, the multivibrator changes the state from stable state 
to quasi-stable state. It stays in quasi-stable state for a pre- 
determined length of time and after which the circuit 
returns to its original stable state automatically. The circuit 
produces the pulses of variable width at the required moment. 


A generalized circuit of a monostable multivibrator using two 
active devices A 1 and A 2 (tubes or transistors) is shown in fig. (7). 



Fig. 7. A generalized circuit configuration of a monostable 

multivibrator. 
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Suppose that a single trigger is applied to X 2 and a regenera- 
tive action takes place which derives A 2 to comp letely cut off. The 
voltage at Y 2 rises approximately to V YY . Now A x comes in 
conduction. The device may be driven into saturation or it may 

i .. i ■ region. In either case a current I x exists 

w hich causes a voltage drop l x R L ^ at Y x and thereby decrea- 
sing the voltage X 2 by the same amount because the voltage across 
condenser C cannot change instantaneously. The multivibrator 
is now in its quasi-stable state. The circuit will remain in this 
state only for a finite time because X% is connected to V Y y through 
/?. Now X 2 will rise in voltage. When the voltage at X 2 is equal 

cut in voltage of A 2% a regenerative action takes 
place.. This turns A\ off and eventually returning the multivibrator 
to its initial stable state. A collector-coupled monostable circuit 
using NPN transistors is shown in fig. 8. The . triggering signal is 
applied at /=0 and the reverse transition occurs at /= T. 



Fig 8. The collector coupled NPN transistor monostable 

multivibrator. 


The stable state : For t < 0, the circuit is stable with tran- 
sistor T 2 in saturation and transistor Ti OFF. As transistor T 2 is in 
saturation, the different voltages and currents are expressed as 

^^2 ^r£(jo<), Vb 2 = F' == Fee 

/c 2 =- cc ~ Kce| .-, and ft = Vcc ~' 

Jvi 2 K 

The base voltage Vb ± of transistor is given by 



VcEtsat 1 )- -R 2 

Rl~\~ R 2 



Vbb R x 
^ 1+^2 


(0 


The value of V bb is selected in such a way that Vb x has a negative 
value so that transistor T x is OFF. 
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...( 2 ) 


The qnasi-stable state : Let a negative trigger (short dura- 
tion pulse) is applied at 7, at f=0. The change in potential at T x 
is immediately transmitted to f? 2 through capacitor C. Now the 
transistor T z is switched off. As the transistor T 2 switches off, 
the potential at Y t rises to almost the value Vcc from its stable 
value VcE(sat). This increases the potential at B 1 and the transis- 
tor Tj comes into saturation. The potential at Y x falls by 
Vcc-VcE(sat). This change is communicated to Z? 2 . All above 
changes take place instantaneously due to regenerative feed back. 

Immediately after the trigger i.e , at constant t =0 + , the 
initial value of is given by 

( Ve.^i — V BE(nat) -(Vcc- VcE(,at )) 

0r ( Vs i )i = VBE(.sat)+ VcE(sat)— V CC 

At f=0 + , transistor T 2 is cut off and the potential at B 2 rises 

exponentially with time due to charging of caprcitorC. The 
potential (V Bt ) starts rising towards + Vcc [say (V B J/] with a time 

constant RC. The instantaneous base voltage ( V Bi ) t can be 

expressed as 

(Vn t )t=(VB 2 )r+[(VB 2 )i--(Ve 2 )f] exp. ( — t/RC ) 

(P* 2 )«= Vcc+[VBEUat) V VcE(sat )— 2 Vcc] exp. ( — t/RC) ...i3) 

The potential at the base of transistor T t does not rise to the 
maximum value because as soon as the potential rises to cut in 
voltage, T 2 is switched on due to regenerative feed bt.ck. The 
potential at the point Y t falls to its stable value Vc E {,at)> 

Gate width : The gate width of the output pulse is defined as 
the time interval between T 2 switching off and switching on. In 
order to calcula'e the gate width, we make use of the fact that 
when (Vp 2 ) t =Y 7 (cut in voltage) at t=T, the transistor T 2 is 
switched on. From eq. (3), we have 

F r =Fcc+[FBfi(, ot )+Fc E (,a«)— 2 Fee] exp. ( -T/RC ) 

Solving we get 

2 VcC—VBE(sat)— VcE (>al) 

Vcc- 


or 


T=RC log 


V. 


or 


or 


T=RC log 2+RC log V -~ c - F ” E(w,t) f 

Vcc — Vy 

At room temperature, V BE( , at) +VcE(sat) ~ 2 Y v 

T—RC log 2 + RC log 1 =RC log 2 

T « G-69 RC 


.. (4) 

As soon as T 2 begins to conduct, a regenerative action makes T t 

OFF qnd T 2 ON and thereafter, the circuit remains in stable state 
till another external trieeer is aDDlied. 
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Waveforms for t >■ T Af /_r+ . 
transistor r, is cut off T n 'nrdJr U t / l ansistor T t conducts and 

draw the base oirc u °t of ,ramt^ t ^ nd “t* po,en,ia, a ' A. we 

instant when transistor 71 ° W “ in fi *' < 9 )' At lhf 

T’i is cut off, the instan- ] " I 

faneous voltage appear- < < 

ing in the circuit is </P S/fNN/f 

y cc V y as V v is the po- ^ 

tential at B 2 . The instan- f , T 

taneous voltage drives u T V i 6 If-rA 5 

an instantaneous current cc — \ C 

f b, given by A ^2 

T , Vcc — V v ' V# & 

/?z.+r 6 ...(5) I [_ 

usuallv may FiB ' 9 ' E 0 uivalent circuit for calculating 

Dared w.th r^u COm ' the ° ver shoot at ‘ he base 5, of 

of I’ ! *'■ \ hC Path T ' at t==T+ - T > is off and ^ is dri ' 

B own in fig. (9). ven heavily into saturation. 










I* 


4 


c 


6 . 


vJ. 


r « « 

4 


Fifi. 9. Equivalent circuit for calculating 

the over shoot at the base B x of 
1 2 at (=T+. T l is off and T 2 is dri- 
ven heavily into saturation. 


I* • v 7 * iicaviiy into saturation. 

sedeVwhV^ 15386 * pread i ng resistance which >s considered in 
senes with the junct.on. The potential at Y, now becomes 

T . . . Vc i=V cc -R t l^ ...(I) 

I he change in potential 8 at y, is given by 

A, *l . S=y cc-XLl*-V CE( , at) ...( 7 ) 

emial L « capacit ?J[ ,s considered as shorted, the change in pot- 
cnuai at b. a is also the same i.e.. 


RlI‘ b 


Vc E( 9 at) 


The potential at B 2 immediately after the transient is 


B r y 
2 


Vy+Vcc-R L r 


Vc E ( 


sat) 


or 




Vcc Vy R l I‘ b -}- V BE (sat ) 

• ^ r CE(3at)+VpE(ti a O = 2Vy 


...( 8 ) 


From eq. (5), Vcc-V y =R L /; +r b r B 
Substituting this value in eq. (8), we get 


V 


r B a — T b I B *f VBE(.3aO ^9) 

This shows that the transistor is driven deep into saturation. 
The overshoot at the base of transistor T. z has a magnitude 


Vcc- R, I' - V c 


E(sa t ) 


^ l r i | | exponentially 

steady value V BB(ta0 with a time constant C (R L + r b ). The 


...( 10 ) 

to the 

poten- 


Multivibrators 



tial at Y r suddenly rises to a value (Vcc— R l) I b and thereafter in- 
creases exponentially to a maximum value V cc with a time cons- 
tant C . 

The waveforms are shown in ng. ( It)). 

T, OFF | T x ON | T t OFF 
To ON | T* OFF 1 T f ON 





Frg. ID. Waveforms of the collector coupled monostable multivibrator. 

19 6. BISTABLE MULTIVIBRATOR : 

A bistable multivibrator is also known as flip-pop and has 
two stable states. The circuit can stay in any one of the states inde- 
finitely and makes an abrupt transition from one state to other 
state when an appropriate trigger or excitation is applied. A 
bistable multivibrator is used for the performance of many digital 
operations such as counting and storing the binary information. 
This can also be used in pulse generation. The bistable circuits 
use two active devices which function as amplifiers. The amplifiers 
are coupled in such a way that when one device is heavily con- 


856 

Hand Book of Electronics 

?he de® tain OFFsti?" is sthohed ON^h^ in ° FF State - Whea 
circuit goes in another stable state / e •/ means, the 

device is now switched OFF. * e heavily conducting 

fi T g he (m n T'a„ e d d / rcui lh ° f a *«•* 

which may be Inbcs or tranfistori: As shown’ Tn JS 



Fig 11 


A generalized circuit of bistable multivibrator. 


ampler f p°r o d u ” s P a “ph as e ^ h a n gfo f° 1 8 o' ST 1 am P ,ilier - Ea<:h 

P* “ aU a0 f d e h q SJ= h S e a ?„^ 

t h e° potent iaf"at Y SmZSSFrF in T™' 

towering of potent Ty “5 *“ ,he J nput v ° lta <* ° f “““ a 

ative nroSs cnnli T, r , ent '■ is a '*> decreased. This regener- 

conducting staTanTd, “is stlche'd OFf"'° Sa,Urali °” °' 

multK“ato , °is ( rho P w F n”S ) 4 tiwlf ^ b ' S ^ ble 

k: t: p P p ri, y v,«h e,im l^ -s? 

biased NPN tran«i«t^^ S ’ u! g ' shows the circuit of a self- 
ornsed NPN transistor bistable multivibrator. 

so that fife vedtae^n transistor amplifiers are crossed coupled 
sistor is fed to the hn PPe ^ ri {! 8 across the load resistor of one tran* 

il cSfled °J £ e othcr ,nu ^ sto r. The multivibrator 

the collector resistant C r ^ Inary as . the voltage appearing across 
other transistor As P y°t ° ne transistor serves as the input to the 

xplained earlier, the circuit stablises with 
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Fig. 12a. A fixed bia* NPN transistor bistable multivibrator. 



Fig 126. A self-biased PNP transistor|bistable multivibrator 

one transistor in OFF state and the other transistor in saturation 
The two stable states of the bistable multivibrator are : ' 

0) transistor T x OFF and transistor r, ON 
00 transistor T t OFF and transistor T, ON. 

transistor r ^fniJp 310 ? 3 ** d ! fferent currents and voltages when 
in S <»nsis,or T is 

potential i«i • 1S Kcb (*“0 an “ the base 

•or in seriefSir LlZZf 

Vcc- VcE(.at) 


I, 


Again 


Rl 

VcE(tat) — ( 


FbbI 


A + /2, 


-d) 
•• ( 2 ) 
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or 


The collector current Ic 2 
/c — { ^CC VcEUa,)} 


i]f£E(sat) 


( - V BB )} 


...( 3 ) 


R^R 2 

As the transistor T, is in OFF cfafp .a 

through this is negligibly sma ||. The cu'rrent / X givTb'y 8 

f — ^CC— Vs ECsat ) 


^1 + ^2 

/4= " 7 i (V collector current=0) 

transTsto'rn" gfeeuTr 8 thr ° Ugh *■ COnnected >° *• 

. ^BE(sat) — ( — V B B ) 


.. ( 4 ; 
.. ( 5 ) 

base of 


/, 




or 


- 

Now the base current of transistor r 2 is given by 

J B 2 = h-h 

^ ^ CC ~ {f^BE(,aO — (— 


( 6 ) 


/* 


• •■( 7 ) 


The base potential F fll of transistor 7\ can be calculated as 

^ / CE ( JO f )./? 2 ^ bbRi 

Ri + R* 


V 


...( 8 ) 


"IT An 

The value of V Bl is negative as transistor 7j is cut OFF. 

. W u the tr ansistors change state, the potential of the collector 
changes by an amount (voltage swing) given by 

V Cl~VcE(,aC> ..( 9 ) 

Commutating capacitors. We know that a multivibrator remains 
in one of its stable states till a triggering signal such as a pulse 

ii not app. led from th e external source. The time interval during 



Fig* 13. Fixed bias TV/W transistor multivibrator including 

commutating capacitors C x and C/. 
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which the conduction transfers from one transistor to another 
transistor is defined as transition time. The transition time may 
be reduced by introducing small capacitors in shunt with the coup- 
ling resistor Ri as shown in fig. (13). These capacitors are known 
as commutating capacitors. They are also known as speed up 
capacitors. Now an additional time is required for the purpose of 
completing the recharging of capacitors across resistor R after 
the transfer of conduction. This time is called as settling time 
The sum of transition time and settling time is called as resolution 
time. It is observed that for very small values of commutating 
capacitors, the transition time is lengthened. On the the other 
hand for very large values of commutating capacitors, the settling 

time is increased. Hence a compromise is made for selecting the 
values of the ; e capacitors. 

The approximate time constant with which commutating capa- 
citor C‘ x is recharged is given by 


•^ 1+^2 


) C ‘ 


and for commutating capacitor Q, we have 


RyR 



Ri~\- R 2 

The maximum frequency of operation is given by 

f J_ 

J max 2t 2 (tj + To) 

st a fe^ r f i !f r L n8 t °M biSta , ble u mU,tivibrator - To chan 8 e the stable 

pnate pulse in the circuit. The pluse brings both the transistor! 
acnve region and the resulting regenerative feed back results in the 
change of state. Triggering are of two types : 

(/) asymmetrical triggering , and 
(//) symmetrical triggering. 

. (0 Asymmetrical triggering- In asymmetrical tri DOP ,; n „ ♦ 
trigger pulses which are derived from separate sources 8 are ^nn^° 

they change the state of\he bistable binary fig 

Q-tfe network is the familiar differentiating network 

T. is ON, a. is back-biased b, theX t T„ P "Ji' s O” 1 *- When 
not transmit a triggering pulse unless the °f s ^ T : 1 anc * 
and has amplitude larger thai the drop across 6 Thus^when 
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7", is ON, the set pulse is blocked, 
zero and hence the reset pulse will 
T i switching it OFF and hence 


However, drop across D t is 
pass through Z> 2 to the base ot 
will initiate regenerative state 



Fig. 14 . Asymmetrical triggered bistable multivibrator using 

negative pulse triggering basic. 

. action - ? n u the other hand, when T l is OFF, the drop 
of tnnciV 8Z r° a pd the negative trigger is transmitted to the base 
J" a " lstor r* switching it OFF and transistor T , is switched ON. 

• s cas ® s:t ln P ut will be effective while reset input will be 

_, 1# , 1V ?‘ /he asymmetrical triggering is widely used in com- 

puter logic circuits. 

(//) Symmetrical triggering— In symmetrical triggering, the 
igger pulses are applied only at one input and after differentiating 


F 1 ? 

t * 



Symmetrical triggering of bistable multivibrator. 
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they are directed (steered) to appropriate transistor sequentially. 
Fig. (15) shows the circuit diagram of symmetrical collector trigge- 
ring in which pulse steering diodes D x and Z> 2 are used. 

Suppose T t is ON and T 2 is OFF. In this case the voltage 
across Rt\ back-biases D x so that it will not transmit the negative 
trigger while the drop across D 2 is zero (T 2 , OFF) so it transmits 
the negative triggering pulse to the base of T, through R 2 -C t 
network. Now a transition will take place. Let T 2 is OFF and T x 
is ON. In this case D 2 is reversed biased while D x is at zero volts. 
The next negative triggering pulse passes through D x to the base 
of r s through R x -C x combination. Again a transition will take 
place. Z) 3 serves as a high resistance to minimize the loading on 
the trigger source. This triggering is used in counter circuits. 

EXERCISES 

1. Describe the switching characteristic of a transistor. 

2. A rectangular pulse of voltage is applied to the base of a transistor 
driving it from off state to saturation Discuss the changes in output 
potential. Explain the various times involved in the switching process. 

3. Discuss the waveforms generated by an astable multivibrator. 

4. D raw a neat circuit diagram of transistor monostable multivibrator and 
discuss its working. 

5. Derive an expresison for the gate-widths of a transistor monostable 
multivibrator. 

6. What is a bistable circuit? Discuss the operation of a transistor 
bistable multivibrator. 

7. Explain the symmetrical and asymmetrical triggering in case of bistable 
transistor multivibrator. 



PULSE GENERATION AND SCALING 

VACUUM TUBE CIRCUITS 



r developments in electronics require the extensive use 

of pulse type waves. Among them are radar, televison, telemeter- 
ing computers and a host of other applications. Since these vari- 
ous ypes of waves (such as nonsinusoidal, square and sawtooh 

waves, pulse waves) have assumed an important position in elec- 
tronics, it is desirable to consider the specific aspects of pulse 
cc niqucs under different separate heads eg. pulse generators, 
wave shaping circuits and switching circuits. We shall discuss 
only vacuum tube circuits. For transistor circuits, readers are refe- 

red to the chapter on ‘Multivibrators’ and chapter on ‘Voltage and 
current sweep generators’. 

20 0. PULSE GENERATORS 

In most pulse generators, the action is controlled by the charge 
ana discharge of a capacitor through a resistor. During the ope- 
lation, the tube either conducts heavily or is cut-off. Such circuits 
aie called as relaxation oscillators. The most commonly employed 
relaxation oscillators are the multivibrator, blocking oscillator and 
sawtooth wave generators. 

1° 0-L FREE RUNNING MULTIVIBRATORS (Astable 

Multivibrator). 

In oscillators we have described in detail the operation of as- 
table multivibrator and also in chapter 19 . We shall not take up 

the discussion again except to open it for following few remark? • 

(0 It is worthwhile to mention th&i the frequency of oscilla- 
tion in mvltivibrator is readily controlled by an injected voltage 
and the wave, that is generated, is very rich in harmonics. 

(d) The free running multivirators do not have any stable 
condition of operation. Both tubes conduct alternately for short 
periods. These two short periods of steady operation for some 
times referred to as quasi stable states. These astable multivibrators 
are good enough so far as we are interested in the production of 
recurrent pulse waves such as square waves, rectangular waves, but 
in cc -tain applications this recurrent feature is not desired and we 
become interested in that the multivibrator be in one stable condi- 
tion of operation-one tube conducting and the other being held 
beyond cut-off, unless disturbed by a pulse of voltage from an ex- 
ternal source. Such an arrangement is called one shot multivibra- 
tor or monostable multivibrator 

20 0-2 A. MONOSTABLE MULTIVIBRATOR : 

A stable state is the condition in which the multivibrator may 
remain indefinitely until the circuit is triggered by some external 
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source, /as mentioned earlier, a monostable multivibrator also 
called one shot , driven and triggered multivibrator, has only per- 
manent stable state, where in one tube is conducting and the other 
is held beyond cutoff. When a pulse of voltage is applied at the 
input of the circuit, conditions are reversed, i.e. t the tube formerly 
in conduction is driven into cutoff and the previously cutoff tube 
goes into conduction; but this state is quasi stable and the circuit 
returns spontaneously to its original stable state and remains in this 
state until another pulse is applied. 

Operation : 

The circuit is shown in fig. 1 (a). We snail describe the 
operation in two steps : 

(i) In the absence of triggering pulse : 

When any triggering pulse is not applied, the steady state 
exists with tube K, cut off and V 9 conducting. This is due to fie 
reason that a high negative bias is applied to the tube V l through 
resistor R x while there is no current through R> and grid of V» is 
at ground potential enabling K to conduct. 

Since the tube Y\ is not conducting, its plate voltage is maxi- 
mum to which the capacitor Co is charged through resistor R 3 ai d 
low grid tc cathode resistance of V 2 . Though a small positive 
voltage from the plate of V 2 is applied to the grid of V, through 
resistor R 5 yet it is much smaller as compared to negative bias 
applied and therefore V 1 is held well beyond cut-off. 

(ii) Application of triggering pulse : 

Suppose at time t 1 (see fig. ] b) a positive pulse of sufficient 
amplitude (greater than grid bias to tube K 2 ) is applied to the grid 
of K, making the grid positive so that V 1 conducts. This increase 
in e ci is shown in fig. 1 ( b ). Due to the flow of plate current in 
V u its plate potential e m falls and (since the charge on capacitor 
C 2 can not change instantaneously) a negative voltage e C2 to the 
grid cathode circuit of V t across R 2 is applied. Capacitor C 2 which 
was already charged to 
the maximum plate vol- 
tage almost equal to £*&, 
the supply voltage, starts 
to discharge and develop 
more negative bias to 
tube V 2 and drives the 
latter beyond cut-off. Cj 

Thus plate voltage of 
tube V 2 rises as shown by 
the waveform e Pt This 
state in which V 2 is cut- 
off while V 1 is conducting 
is called quasi stable state. 

Fig. 1. (a) Monostabic multivibrator. 
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After sometime current 
due to the discharge of C 2 be- 
comes so small as to be insuffi- 
cient to bias the grid of V 2 
beyond cut-off and therefore 
V 2 starts conducting at time 
t a This decreases the plate 
voltage e P2 of V 2 and consequ- 
ently, plate voltage of V x in- 
creases. Capacitor C 2 charges 
quickly, e £2 , going slightly 
positive and then dropping 
exponentially to zero as C a 
assumes maximum charge. 

T his further increases the plate 
current of V 2 and bias the 
tube V x beyond cut-off. Thus 
the original stable state is 
again restored. 

Output Voltage : The output voltage is taken from the plate 
or k 2 and is normally low. We note from the waveform e ff2 that 
when trigger pulse is applied. e P2 shoots up to the maximum value 
an d remains at this value for a period (f 2 — ti) for which tube V% 
does not conduct and then comes down to minimum value when 
tube starts conducting and remains at this value for a period 

('* — t 2 ) when the next trigger pulse is due. Therefore a single trig - 
ger pulse produces one complete cycle . 

We note from fig. 1 (b) that output pulse duration depends 
upon : 

(0 Maximum negative voltage of e Ct : greater the value of e c % 
more time will be required to raise the bias above cutoff value for 
the tube V 2 to conduct and hence increasing the duration (/ 2 — /i) 

The maximum value of e c2> in turn, depends upon the tube 
characteristics and on load resistor R s% i.e. greater the value of Ra 
and the increase in plate current, more will be e C2 . 

00 Larger time constant R 2 C 2 : larger the time constant 

R 2 C 21 more time will be required for the condenser C 2 to discharge 

f.e. it would delay the conduction of tube V 2 and hence amounts 

to the increase in pulse duration. A monostable multivibrator is 

often used to delay the application of a pulse to a circuit by a time 

equal to multivibrator duration time. It is also used for pulse 
equilisation. 



' t, fe 't, **• 

Z/A4&- — 

Fig. 1. (b). Waveforms. 
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20 0-2B. BISTABLE MULTIVIBRATOR : Flip Flop Circuit : 

In the bistable multivibrator, there are two stable conditions 
ol operation eg. V, can be in heavy conduction with K, in cutoff 

wV? 11 bC in conduttlon wd h V j cutoff. Either cf these states 
is stable i.e.. no reversal of any of the operation states unless 

triggered by an external signal. Thus in bistable multivibrator an 

output pulse is obtained only ,f a triggering pulse is applied to the 

input. A full cycle of output is produced for every two triggering 

pulses properly applied and of correct polarity and magnitude* 

'a 3 S ° Calie , d Eccles ~ J ordon trigger circuit after its 
inventors, flip flop circuit due to it- circuit action, trigger circuit 

because it controls other circuit actions and binary because it is 

used in a two number (zero and one) or binary countirg system. 

Operation : 

The circuit is shown in fig. 2. We shall desc.ibe the operation 
in three steps : K 

• o (i >. } n th , e a^ence of any trigger pulse : ^hen plate voltage 
, PP led ’ f ac h tube conducts. One tube always conducts more 

than the other however slightly, due to such factors as inherent 

tube noise and unequally distributed emission along the len th of 

cathode. This unbalance of plate currents starts multivibrator 
action. 

Suppose tube V , conducts 
more than V 2 . Then plate vol- 
tage of Vj decreases. This 
decrease in plate voltage of 
Pj is apDlied to grid of V 2 
through R a R e voltage divider 
and, in its effect, reduces the 
plate current of V 2 , increasing 
therebv the plate voltage of 
V 2 . This increase in the plate 
voltage of V 2 is applied to the 
grid* of tube F, through the 
potential divider /? 4 R 6 making 
the grid more positive and 

further reduces the plate vol- 

4 rv P T r 



Fig 2 


r£cc 

Bistable multivi Orator. 


tage of Vj. This decrease in plate voltage of 

M v2i t thC ^ " - driVen t0 '“toff a^d^ow^r’he^decrJii: 

«“■<* state TJSglZEZSi wlu'r J h “ 
some appropriate external pulse. * Unless tn ^ crcd by 

Positive p u] se P pp U e ? ft " t h e " r fg ge r input tube 1 * F s b ar P narrow 
effected as i, is already coaducinfbit'Ke'p^se 
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magnitude the grid of V 2 will be raised above cutoff and the tube 
V 2 starts conduction. 

Due to the conduction of V 2 , its plate voltage decreases which 
makes the grid of V 3 less positive and thereby increases plate vol- 
tage of Vj. This increase in the plate voltage cf V 2 makes the grid 
of V 2 more positive, increasing, therefore, the plate current of V 2 . 
This action further reduces the plate voltage of V 29 making the 
grid ot K, to approach to cutoff voltage. The action is cumulative 
and tube f, is finally cutoff and V 2 continues to conduct for an 
indefinite period. This state of operation is stable and reversal is 
possible only when some external triggering pulse is input to the 
circuit. 

(iii) Application of second trigger pulse : Application of 
second triggering positive pulse will cause V 1 to conduct and V 2 
to be cutoff. We note that, by the application of second pulse, 
we arrive at the initial stable state of operation, i.e. a full cycle of 
output is produced for every two triggering pulses properly applied 
and of c rrect polarity and amplitude. 

A neeative triggering pulse also causes the reversal of steady 
state. Suppose V 1 is conducting and V 2 is cutoff and a negative 
triggering pulse is applied. Then V 9 already cutoff will not be 
affected, but the grid voltage o r V x would d:crea e, thereby increa- 
sing plate voltage of V x . This increase in the plate voltage of Vy 
will rise the grid voltage of V 2 . If the pulse is of sufficient ampli- 
tude so as to drive, through the above indirect action, the grid ot 
V 2 above cutoff tube V 2 would start conducting and a reversal of 
steady state V 2 conducting and V 1 cutoff will result. 

Self biased binary : The need for a negative supply, E co as in 
fig. 2, may be eliminated by using a common cathode resistor Rk 
to provide self bias as shown in fig. 3. 

The drop across Rk is normally the same for two stable states. 

When the cathode current 
of one tube decreases, that 
of other increase*, so that 
the voltage variition across 
Rk is small and therefore, 
there is no necessity of by- 
pass capacitor. 

Condensers C x and C 2 
are called speei up capa- 
citors (each of value 50 
mm/). As these capacitors 
cannot charge or discharge 
instantaneously, any change 
in the plate voltage of one 

tube is rapidly transmitted 







A/£0* 

LAM* 
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» C - gr ' d ttle other tube - This, therefore, enables to binary 
the trigger pulses of short duration. y 

Application of Bistable Multivibrator : Scale of 2 counter : A 
very important application of the flip flop is the basic scale of two 
circuit, shown in figure 4. 

This circuit produces an 
outgoing pu’se for every 
second input pulse 

A neon lamp is intro- 
duced in the plate grid 
circuit of valve V x . When 
V\ does not conduct, its 
plate voltage approaches 
value and ne^n 'amp 
glows, while when V x con- 
ducts voltage across the R, 
lamp falls and it is extin- 
guished. Suppose initially 
v i is cutoff and V 2 is con- 
ducting. When a positive fig 4. Scale of two counter, 

jigger pulse i S applied to the tube V x causing the plate current of 

no q i?i tr u he *a- 1 h 1 S - increased current will drive the cathode of V, 
EL , f he efl [ cct ,s reduc . e the plate current of V t or to incre- 
e plate voltage of V 2 which inturn, reduces the bias on cube 

,ts S£ ld to P°sitive voltage. This will continue till the 
lamp does glow? SKad > slaK “•» 

When ! he second Positive trigger pulse is applied to the 

i- steady states » as explained in binary operation, will be 
rsed i.e. we come to initial state in which V , is cutoff and is 

n ucting This will result in the glow of neon lamp. Thus for 

f^ cond '“P** 1 P ulse . neon lamp glows or in other words we 
< c icve a scale of two counting. 

If the two such flip flop circuits are connecting in cascade, the 

eve v r C , U ' fc WOl i ld r " giSter fVery second P uise - vvhile the second 

r, h ;f e ! 8h : h - Thus “ is 

neart of scaling circuits. p 

20 0-3. BLOCKING OSCILLATOR : 

dura^'i^iho^'ns? n ^ f ° r the generation of short pulses of 

former d 1S ! S oFa trlode nnd a P u,s; transformer. The tran« 
er primary is connected in the plate circuit and secondary in 


868 


Hand Book of Electronics 



Fig. 5. Basic Blocking Oscillator. Fig. 6. Blocking Oscillator Waveforms. 

the grid circuit. Winding are such as to provide polarity inversion, 
i.e. 9 when a plate voltage decreases due to the rise in plate current, 
positive voltage is coupled to the grid and since the grid now 
becomes more positive, plate current would further increase, dec- 
reasing thereby the plate voltage. The action will continue till the 
plate current reaches saturation so that the further increase in grid 
voltage will not affect the magnitude of plate voltage. 

The distributed capacitance C d forms a resonant circuit with 
secondary of transformer. This capacitor is charged by the voltage 
developed across the secondary windings. When the voltage dec- 
reases, the resonant circuit oscillates and the grid then swings, 
from a positive voltage to a highly negative voltage. During the 
positive half eye’e, capacitor C 1 charges to the value of the positive 
grid voltage through the low grid to cathode resistance of the tube. 
On the negative half cycle, since the capacitor cannot discharge ins- 
tantaneously the full negative charge is applied to the grid and 
drives the tube beyond cut-off. Since the tube is not conducting, 
its grid to cathode resistance will be high and therefore, the con- 
denser will discharge through resistor R x . 

Operation : (/) At instant f, : 

Suppose the operating potentials are applied at instant t ± . The 
plate current will increase and a positive voltage is coupled to the 
grid. Therefore grid voltage goes on increasing while the plate 
voltage continuously decreases. A stage comes when the plate cur- 
rent reaches saturation. As there is no further increase in plate cur- 
rent no more positive voltage will be coupled to the grid current, 
and grid acquires the maximum voltage. This occurs at instant 
Consider C x charges to the value of maximum grid voltage through 
low grid to cathode resistance. 
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(ii) At inuant t. 2 : For a short moment, after reaching at 
saturation value, the plate cur.ent does not change and C, begins 
to discharge through grid resistor /?,. This makes the grid negative 
decreasing the plate current. As the plate voltage increases nega- 
tive voltage will be coupled to the grid circuit i.e., grid becomes 
more and more negative. Further, condenser C, also discharges 
with the passage of time. The net result is that the grid voltage 

goes down from its maximum positive voltage to zero and then in 
negative direction. 


{Hi) At instant t 3 : Oscillations continue in the tuned circuit 
formed by the transformer windings. To damp these oscillations 
quickly, transformer is designed with low Q value. Moreover as 
the tube is cut-off. energy supply to the oscillatory circuit is aho 
stopped with the result that the oscillations damp quickly. 

The duration for which the tube is cut-off depends primarily 
on time constant R t Cy because when C, discharges sufficiently to 
reach cut-off, conduction starts. The instant t x is reached. 

(rr) At instant t 4 : Tube starts conduction and whole previ- 
ous cycle is repeated 

Application : (/) Blocking oscillators are commonly used as 

frequency dividers 


{ii) They are also used as counters. 

iii) They are also used as a low impedance switch used to 
discharge a capacitor quickly. 

(iv) 1 hey can produce very sharp pulses at different repetition 
frequencies and especially at very low repetition frequencies 

20 0-4. SAW TOOTH WAVE GENERATOR : 

In cathode ray tubes, we require a voltage that varies linearlv 
with time to display the information. This voltage, called a swee/ 

causes the electron beam to move horizontally across the scr en 

with a known velocity. The selection of the form of the sweep is 

important so as to ease the display of information on ihe screen 

t is usually desired that the spot moves across the screen as linear 

end IT ° f h “ me and "* back «°"«.o.he sta ting pom' aM he 

nd of each sweep. Such a time base requires a wave of sawtooth 

form with linear rise time and 
abrupt return to zero as shown in 
fig. 7. 

We know that potential across 
a condenser is 

€c= c\ Q ldt ' 

where initial charge has been taken 
as zero If the charging cuirent to 
capac tor is supplied by pentode 



r/Attf &cr 


Wr&icx /7/w 


F g. 7. Sawtooth Sweep. 
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&n S !!] C t h w i11 inde P end ent of changes in the plate voltage 

[ t P ate voltage is used) over a wide range, we can treat 

it as constant so that 

<? ' £ *-% 

t i.e. 9 potential across condenser rises linearly with time 

nrovinpH tn » • n 


e 0 


or e 0 


XXaa*** r 4 . wuuwuati uucariy wnn lime, 

of £ j- u a SO P r u ov ! ded to discharge the condenser rapidly e.g , a 
glow discharge tube is connected across the condenser 

(it Neon time base circuit : The circuit is called simple RC 

svseep generator. We note that sweep voltage curve is not linear 
a " d 1 ,' s c ' nu ! t ,s n< * used ln commercial cathode ray tubes. More- 

ZI' w 6 ^ eV1CC suffer * tr ? ra the disadvantage that striking and 
and extinction potentials of a neon tube are not particularly stable 

and because sweep frequency is the function of both these potentials, 
time base is distorted, resulting in the distortion of information 
presented on cathode ray tube screen. 

(if) Thyratron Sweep Generators : To synchronise the input 

pa ern over a wide frequency range, neon lamp (gas diode) is not 

suited, ror these reasons, thyratron tubes are used rather than 
gas diodes. 

A thyratron time base generator with improved linearity is 
shown in figure 8. As explained earlier, plate current of pentode 
Is constant, and therefore charging of a capacitor by pentode plate 
current will be linear. 



LXYfAP Cft'AA’GsA/G 

cr '*/D£\’S£P 


A&PVPr 0/5 CPA 
OP COssOPA/SPP 


a. 


Constant current pentode sweep generator. 
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Operation. Capacitor C } is initially uncharged and the output 
voltage between the terminals XY is equal to the plate supply 
voltage Ebb- The capacitor then charges linearly and rapidly 
through pentode V l% causing a similar decrease in the output vol- 
tage. When the voltage across the condenser reaches the striking 
voltage of thyratron V 2 ; the latter conducts because it is connected 
across the condenser and prevei is ihe further increase in the vol- 
tage across C l . Ihe capacitor Ci, then discharges through V 2 at a 
quick rate determined by the value of \/? 6 The output voltage 
again reaches a value E bb . Th; cycle then again starts. 

Variable resistor R r which controls the plate current of pen- 
tode V , and hence the charging rate of condenser C\. can be ad- 
justed to vary the frequency of sawtooth sweep. 

Thyratron striking voltage level is governed by the bias resis- 
tor R t , the amplitude ab of sweep voltaie is controlled by this 
resistor. 

When a positive going synchronising pulse is applied between 

the terminals XX', it reduces effectly the bias voltage developed 

across R A and thyratron fires sooner than it would otherwise. 

Therefore, sweep amplitude will be controlled by the suhronising 
pulse. 


(“) Vacuum tube sweep circuit : In this circuit sweep voltage 
is triggered by the input waveform and is therefore called a trig- 
gered sweep circuit Circuit is shown in figure 9. In the absence 

of input signal, tube conducts heavily and plate voltage is suffi- 
ciently small. 





v " -uu„, ,uoe c,rcu,t. (6) Sweep waveform. 

Fig. 9. Vacuum tube circuit and wavefoim. 

as , yV'*" T Ut V °J tage €< is appUed ■ The P' a ‘e current decreases 
"'Calive going input fhen driE! ^ bevoii cS 

m,„e P d by Kltt ?7„ V „°', ,age inCT T CS " “ *'<*- 

value. Then e, re, urns to zero, removing , J negative bias afd 
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f Dorian ™^ CtS heavil y» ra Pl dIy discharging the capacitor C 2 
till va°u/’ ThC ° Utput volta S e then again reaches the small ini- 

trt th l * 1S °5 3vious th at generation of sawtooth waveform is subject 
to the application of input waveform or in otherwords frequency 

duration ? Ut tt wavefor ™ is controlled by the input pulse. Pulse 
me constam ^ 8 r e ‘ “rh C °" fr0 '- ‘ he am P litude of e ‘ for a S iv£ “ 

L! ,?! LIT' *- Thus C,rcu,t g enerates a sweep waveform 
acurate as to starting time and duration. 

20 0-5. CIRCUIT TO IMPROVE THE LINEARITY OF THE 

VACUUM TUBE SWEEPS : 

the ?/ iSCUSS hCre tW0 circuits ' one bootstrap circuit and 

the other A filler integrating circuit to improve the linearity of 

acuum tube sweeps Refer to chapter 22 for more detailed study 
involving transistorized circuits 

^ ^? ots,ra P Circuit : In art. 20 - 0-4 we have explained that 

cirenif 1S in , ear wh f en the charging current is constant. Bootstrap 

mp ir mp 0yS a . form of feed back through capacitor C 2 to linea- 
rise RC sweep voltage and is shown in fig. 10. 



Fig- 10. Boot trap Circuit. 

As shown in the circuit output is taken across the condenser 
C,. Therefore for the sweep to be linear, it is essential that current, 
cha ging this condenser C x must be constant. 

Tube V x is normally conducting due to which its plate voltage 
is low and therefore the voltage across C, is also low. The plate of 
Vi is coi.nected to the grid of cathode follower V 2 . The plate 
current through V* produces a voltage drop across Rk making the 
cathode positive with respect to the grid. Feed back is applied 
from the cathode of V 2 to junction of R x and R.> in the plate cir- 
cuit of V x through the capacitor C 2 . 

When the tube V\ is triggered by a negative going square 
wave it is driven beyond cut off. This rises the plate voltage of 
V, and charges the condenser C, through /*, and R>. This rise in 
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YolUige across C z also rises the grid voltage of V, and being a 
cathode follower, ns cathode potential also rises. This rise of 
cathode potential is applied to the junction of R x and R 2 through 
C,, i.e. voltage at this junction increases as the sweep voltage 
(across C z ) increases (and hence the name bootstrap). 

If the gain ot cathode follower is unity, then amp'itude of vol- 
tage applied to the grid should be equal to the output voltage of 
cathode follower which is the v. Itage applied to the junction of R 
and R 2 . This means the upper end of R l should rise in potential 

almost as rapidly as the lover end which is possible only when a 

constant current Hows through R x i.e. i^ is constant. Since /, 
charges the condenser C u sweep voltage is linear. 

Basis of bootstrap sweep can now be explained as follows ■ 
Suppose there is an RC circuit with e. and e c as innut and 
output voltages as shown in fig. I 1 (a). From fig. 11 ( b ) we note 
that charging current is i 3 playing the part of / of fig. 11 (a) 



‘.ww— * — 


F 'g- II- (a) Simple RC circuit. 

From fig. 1 1 (a), 





T 




T 


i 


(h) Equivalent bootstrap harging circuit 


e,=iR 


V 

-T 


J 

c 


i dt+ V u , 


where V u is the potential on condenser C at t = 0 and if £ is the 
charging voltage and /„ the current at r=0 then ° 

so that Vo=E 0 RR, 


e t ~iR-\- 


l\'idt + 

' J 0 


E U -/ 0 R 


curren? r ° 6 S ™ eep> barging current must be constant so that 
current should always be equal to its initial value, i e. 

which when substituted in equation (1) gives 

A 


ex 


l n . , 

I i dt -j- Eq 
' Jo 


C 

<?o, 


S t ,' h S ;! f J e charging is to be constant and sweep linear it is essen 

ompw a, v C <,j?aT g F°„ a Sif,rr ary , b r" C ““ 

input voltage an J gafn .s also nn Cr ’ VoIta ^ follows the 

h dnd 8d,n 1S a,so approximately equal to unity. 


874 


Hand Book of Electronics 

In bootstrap circuit we have noted that output voltage across 

t 1 r S ^u tG *^5 J unc, i° n and jR 2 and we reason that due 
to feedback by cathode follower, the output potential is equal to 

e ol age at the junction leading to the constant charging current 
condition. 

(ii) Miller Integrating Sweep : 

Miller integrating sweep circuit is shown in fig. 12. 



Fig. 2?. Miller type sweep generator. 

Suppressor grid is biased negatively beyond cutoff so that plate 
voltage is equal to and sweep capacitor C is charged to almost 
this value. As control grid is connected through a high resistance 
to Em, it will be slightly positive with respect to cathode. Screen 
grid is also positive, allowing the flow of screen current and there- 
fore. screen potential is also low. 

When a positive going square wa\e is applied to the supp- 
ressor the plate current flows, the plate potential starts to fall but 

it can r.ot fall rapidly because a rapid fall will allow rhe voltage 
across C to drive the grid negative , decresaing the p ate current and 
plate potential to rise . So only a linear fall of potential, as we shall 
show mathematically, is resulted. This fall is shown in fig. 12 by 
a straight line between the instants r, and t 2 . At r 2 , which marks 
the end of input pulse, supp essor goes negative. When next pulse 
comes, the cycle of operation is repeated. We note that Miller 
sweep is also a triggered sweep because a sweep is generated only 
when some input pulse is applied. 

If e e be the voltage rise from cathode to grid then grid current 
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e, 



de 


dt dt 


C 


de o i c 


dt , 


P-bb c 

CR „ 


from equation (I) 


or 


Ei b —e e , . 

pe c —pe 0 - -pm — , where p is 


CR 2 

Introducing the gain A, where 


dt' 


A 


e l 

e. 


in above equation, we arrive at 

e o m _ Etb—eJA 
A~~ e ° 


pR 2 C 


or 


1 


1 


or 



1- 


1 


1 

_ Ebb 

ApCR 2 

pR 2 C! 

e n 

A Ebb 

ApCRi 

ApCR 2 

[ e ° 

AEbb 

\ApCR. 

ApCR t 

e 0 

AE bb 

ApCR 2 

ApCR 2 


...( 2 ) 


1 


1 

A 



neglecting the product with 1/A because l/A*pCR 2 will be small 
when gain is considerably high. Further, 


re o 


0 


ACR 

i 

de n 


-l 1- 


l 


AE 


bb 



after putting 


P 


1- 

d 

dt 


AE b 


e 0 

dt 

ACR,’ 


On integration, 


•og Oo — AEbb) 


4-constant. 


aCR 2 

We know that at /= 0, e 0 =E bb , giving 

constant = - log (E bb -AE bb ) 


log (e 0 — AEbb) 


ACR „ Iog (Et,b—4E bb ) 


so that 
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or 

or 

or 



leaving the 
Further, 


Ebb 4Fbb — (Vo — A E bb ) e~“ i ! ACR 2 

eoe~ tlACR 2 = E bb -AE bb (1 - e -HACg 2 ) 

'• ( '~^CR,) =E “ ( l ~CJt ')• 
higher order terms because A is considerably high. 




leaving the term containing the product 


l 


AC 2 Ro 2 


e 0 —E, 


bb 


1 


CR 


I 


1 


Since gain A is sufficiently high we can neglect 
parison to 1, so that 


Therefore 



in com- 


e ° Ebb ( 1 CR 2 )’ 

which shows that potential drop is linear from t x to t 2 . 

20 1-1 SCALING CIRCUITS : COUNTING TO THE BASE 2 : 

In art. 20*0-3 (bistable multivibrator) we have explained the 

a. 0110 . 1 ! °* blnar y as a scale of two counter. It was pointed out there 
that it two such binaries v\ere arranged in cascade, they would 

form a scale of four counter. We shah discuss here the latter 
counter. 

Two binaries in cascade : Scale of four counter : 

Ref. to fig. 13. Let us designate the two stable states of a 
binary by the symbol 0 (zero) for ‘off’ state and by the symbol 
1 (one) for ‘on’ state. l urther, when we say that a binary is in one 
state, it wou’d mean that input stage is on (conducts) e.g. tubes 
that conduct are V \ and L 3 , while output stage is off (non-conduct- 
| n £) e -g- tubes V z and V 4 are not conducting. Similarly, binary is 
m zero state would mean that input stage is off while output stage 

is on e.g. V x off and V 2 conducting. 
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wpi/t 



ti/vor y-i 


9 + E 


86 



ot/fpts/ 



S/p&ry-a — >j 


*77 


input 
(.6) e i 0 


1 


£ bb 

(c; e \ 0 


\ 


m 


i ' 

i 


ih-Peffa/zve 

’ /hpis/ 
pu/ses 



bi„«, ( »l. Applic ‘ ,i<,n 0f first «**«" going P»l<e .o .be point A of 
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V. oflfprc v ,’ S 2 f r0 sfat . e .’ *- e - off and V 2 conducting so that 
tance P. 'fu 1 re ^ istan ^ c w hde V 2 (as it is conducting) a low resis- 
offereri hu i/--’ , branc h having r esist a nce /?, and high resistance 

low r e «-?,L 1 lS L n p »™ ,,eI to the branch havin g resistance R, and 

vo i t ance ° ffered b y V * ' therefore portion of any applied 
age across any combination will be 


pulse inp ut voltage 

total resistance of both branches xbrancb resistance 

When n , e S ative going pulse is applied to the point A, 
lts PO rt, o n will appear across R u i.e , at the plate of V v 

^ Cga ^ VoUage ,s there, ' ore applied to the grid of V 2 and 
SA.tchmg a ct,on starts, so that finally V 2 is off and V, on. Binary 1 
is thus switched to one state 


Wuh V 2 off its plate voltage rises as shown by e p2 in fig 13 (c). 

1 . rise ls applied to the point B of the plates of birary 2 through 
condenser C, and input resistance of binary 2, R ln . Since the time 

s an K( n Cj is small, R in C, acts as a differentiator and there- 
fore a positive pulse is produced for the rise in e 92 for the period 
between t l and f 2 . 9 y 


s stated previously, most of the portion of this positive pulse 

appear at the plate of V 3 since V A is conducting offering low 
resistance. This means grid of V K will become more positive but 

Iu ^ c ^4 js already heavily conducting, iis plate current is satura- 
ted and application of any positive voltage to its grid will not affect 
its operation. Binary 2 thus remains in previous zero state. 

(ii) Application of second negative going poise at the point A. 

At instant when second negative going pulse is applied, the 
tube V 2 will be again on while tube V x cutoff. This means binary 1 
is again in zero state. The plate potential of V \ will fall as shown 
in fig. 13 (c). This fall in voltage will produce a negative pulse 
due to the low time constant R in C x . Thus negative pulse is applied 
to the point B. 


Most of the portion of negative pulse, applied to the point B> 
appears at the plate of V 2 and hence to the grid of V A . Thus finally 
V 4 is cutoff while V t conducts. The plate potential of V k rises and 
a positive pulse will appear at the output. Binary 2 is now in one 
state. 

Thus upto instant t 2> binary \ has changed its state twice w hile 
binary 2 only once. We note that in the output of binary 2, a 
positive pulse, and net a negative pulse, is produced by the applica- 
tion of two negative pulses at the point A of binary 1. 

(iii) Application of third negative going pulse at the point A : 

At this instant t 3 , V % will be cut off V L is on. / e , binary ! is 
in one state. Plate potential of V 9 will rise, applying a positive 
pulbe to the point B Now since V 3 is conducting, V 1 nonconduct- 
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ing, most of this pulse will appear at the plate of V t consequ- 
ently, grid potential of V 4 will rise : but as the tube V t is already 
conducting to its plate current saturation, application of this posi- 
tive voltage to its grid will not affect its performance, i.e., binary 2 
does not change its s:ate and is still in one state. 

t,iv) Application of fourth negative going pulse at the point A . 

V x off, V t will conduct, i.e , binary 1 is in zero state. Plate 
potential of V x falls imparting negaiive pulse at the point B The 
grid of V 3 will become negative, its plate current will decrease the 
Plate potential rises. Finally K s is cut off and V A is conducting. 
Plate potential of V t decreases, producing a negative pulse at the 
output. Binary 2 thus comes oack in zero state. 



Fig. 14. Circuit of scale of four counter . 

Thus one negative output pulse is produced by the application of 
J our input negative going pulses, one after the other, to the point A of 

' , J huS the CirCu,t counts f° u r ~ a scale of four counter, 
cl"' i!°l 16 ' npu '" 11 P. rodl * ce on ly 4 output pulses, the circuit 
-,? ou $l t °[ as dlv >ding by four. C mple'e circuit is shown 
n ng. 14. The above operation scheme is given in Tabie— 1. 

TABLE 1 Operation Scheme of Scale Four Counter. 


Number of negative 
output pulse 


Number of 1 
input pulse 

State of 
binary 1 

State of 
binary 2 

Tubes that 
conduct 

Initial state 

0 

0 

V V 

1st pulse 

2nd pulse 

1 

0 

0 

i 

i 

0 

y i» * 4 

V V 

Y 1 1 ' 4 

1/ 1 / 

3rd pulse 

4 th pul e 

1 

0 

k. y 3 

K. V 


2 


0 

0 

0 

0 
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To estab.-ish the initial condition prevailing in a binary chain 

a reset switch is provided as shown in the figure 14. When this 

switch is closed, ad grid leak resistors are connected to ground 

i iien switch is open, bias is rem wed f om the output stage oi each 

o,nar\ and the tubes V 2 , V 4 conduct establishing the initial zero 
state. b 

Thiu it is obvious that output of each binary represents a 

power of 2 , the ou put of first binary 2 l , and output of second 

I n a ry and so on. Therefore if we employ four such binaries, a 

scale of 2* ( - In) counter will be obtained. Refer to figure 15 

(ignoring the feedback line FF) and following the operation of 

scale of four counter, we find that on the application of 16 pulses to 

tne binary- 1 . 4 will be recorded by the binary-2, 2 wail be recorded 

^\v me binaiy 3 and only 1 will be recorded bv the binary 4. 

Scheme of operation is shown in Table-2 (page 8S1). The ciicuit 

produces one output pulse for sixteen input pulses applied to the 
binary- i . 

20 2-2. DECADE COUNTER : COUNTING TO BASE 10. 

A decade counter produces a single output pulse for every ten 
input pulses. 

Suppose we start with every binary in one state i.e. input 
tubc.^> conducting (I }% V 3 . IF. V 7 ) and output tubescutofT (kb, 
r «) This is possible because suppose after the reset ^points a 

and h are connected tor reset and then disconnected) V± conducts 
mote Ilian V 2 and similarly input tube of every binary conducts 
aH>re so that one state is the initial state. The application of 

pulses in sequences affect the circuit operation in the following 

way : 



Fig. 15. Circuit of scale of sixteen counter converted into a decade 

courier by the simultaneous feedback from plate of V 7 
to grids of V % and V A . Feedback line is FF. 
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When 8th pulse is applied, binary 4 is in zero state so that V 8 
conducts and V 7 is cutoff. The rise in plate voltage of V 7 is fed- 
back to the grids of tubes V 4 and V 6 . This makes the grids of V 4 
ana V 6 positive and thus they conduct bringing the binaries 2 ard 
d in zero state, though binary 2 and binary 3 were in one state 
at the 8th pulse without feedback but now due to the feedback, 
they are bought to zero state which is the state with 14th pulse, if 
there is no feedback as is obvious from the Table-2. Thus 8th pulse 
(with feedback) is eciuivalent to Nth pulse (without feedback), 9th 
pulse will be equivalent to 15th pulse and 10th pulse will bring 
the final and the initial state of 16th pulse. 

Thus with feedback, 10th pulse brings the same operating 
state as brought by the application of 16th pulse without feedback 
and therefore an output pulse will be produced when the 10th 

pulse is applied to the binary-1. The circuit then acts as a scale of 
ten or decade counter. 

EXERCISES 

1 - What are monostable and bistable circuits ? Explain the function for 
which they are used. Draw a diagram with approximate value of com- 
ponents of a scalar for a scale of two. 

2. Draw the circuit and waveforms of a blocking oscillator. How can it 
be used as a frequency divider. 

3. What are disadvantages of a neon and thyratron sawtooth generator ? 

4. Draw the circuit diagram of a vacuum tube sweep generator and explain 
its function. What modification will you bring to linearize the sweep ? 

5. What are disadvantages associated with the bootstrap sweep generator? 
Draw the circuit and waveforms of Miller linear sweep generator. 

6. Explain the function and draw the circuit diagram of a scale of sixteen 
counter employing binary. How can it be modified to work as a 
decade counter ? 


WAVE SHAPING CIRCUITS 




The process of deriving a desired waveform from 
waveform is termed as wave shaping. 

In this chapter we shall describe two types of wave 
circuits : 


a given 
shaping 


(A) Linear Wave Shaping : It has been observed that when 
a sinusoidal wave is input to RLC network (passive elements), then 
output waveform is not changed in shape. Such RLC networks 

as they do not distort sine wave, are called linear networks. But 

a non sinusoidal wave is transmitted through such networks, then 
shape of output waveform is different from the shape of the input 

waye^uch a shaping of input waveform by linear networks is 

called linear wave shaping. 


the input 
by taking 
thermionic 


(B) Non-linear Wave Shaping ; When shaping of 
wave to a circuit such as clipping, clamping is done 
advantage of the non-linearity of semi-conductor or 
devices, then it is termed as a non-linear wave shaping. 

(A) LINEAR WAVE SHAPING 

As stated earlier in linear wave shaping, the wave 
through linear network and the operations involved are linear 

We sta°rde S al he7eT 8 - ati °Vf erentiation and sum ™tion etc 

soldi? !• d ^ h , hC sl " uso,dal in P u t and shaping of non-sinu- 
w °o?k * P ’ P ’ U,Seand SqUare Wave in P uts through RC net- 


is passed 
are linear 


21 1. THE HIGH PASS RC CIRCUIT • 


Fig. 1 shows a high 
pass RC circuit. Since the 
reactance of capacitor, C, 
decreases with increasing 
frequency, the capacitor 1 
acts almost as a short cir- 
£,uit at high frequencies. 

Thus all the high frequency 
I?Put appears at the output 
Thus the circuit acts as 
high pass filter. We shall 

now discuss the response 
of the circuit to various types of 


C 



Fig. 1. High pass RC circuit 

input. 
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(1) Sinusoidal Input : Let the input be 

ei = E im sin tot, 

then the current, i, flowing through the circuit will be 

V 

and therefore output across R will be 

0 ,• d eiR Ei m R sinto/ 

e '- lR r = — i — 

*+}Si R +]tc 

° r e o~E om sin to/, 


where 


— | E cm [ e j$ 


Eim R 

R+ l^c 


or I E om I cos 6+j | £o m I sin 0=—^ 


coCR 


E 


or 


im 


( 1 + wCR ) 


1 + 


' C o 2 C 2 R* 

Equating real and imaginary parts, we get 

I Eom | COS 9= £? .. . 


| E m I sin 9 


so that 


\e, 


‘ tO*C2i? a 

EtJcoCR 

1-f. I 7 

' coPC^R 2 
E<~ 


im 


0m 


i + 


L_1 

io*C 2 R 2 J 


1/2 


and 


tan 0 


u>CR 

n equation (2) for output voltage, 
e q Ef fn sm wt 
— I Eom I e” sin o>i 

= / nr* sin (tot + 8). 


•••(J) 

...( 2 ) 


1 + 


co 2 C 2 R 2 


Thus output voltage leads the input voltage by an angle 6 
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Further ratio 
given by 


of peak values of output and input voltage is 


E 


Om 


R 


1 


Ei 


m 


R+: 


1 


Let us put 


jwC 


1-- J 


toCR 


W! 


1 

CR ’ 


then 


E 


Om 


l 


E 


im 


l 


JO*! 
c u 

i 


i+ 


a> 


1/2 


Z0 


CD 


where 


Q — tan 


We can also write 

E, 


- (:-■) 


om 


i 




vvhere f x 


1 


'+&)') 


Vi 


L tan- 1 ( m. 


2nCR 

ratio falls to 70*7% of its 
maximum value. At this 
frequency, the magni- 
tude of capacitive reac- 
tance is equal to the resis- 
tance. The maximum pos- 
sible value of the gain 
(unity) is approached 
asymptotically at high 
frequencies (fig. 2). 


is called lower cut off frequency at which this 





V 2 -5 1 z 5 ro 


Fig. 2. 


m ) 


Response of high pass RC circuit 

for step-voitage. 


(2) Step-voltage Input : A step 
voltage (fig. 3) is one which main- 
tains the value zero for all times 
f < 0 and maintains the value E 0 
for all times after f=0. Rise of 
voltage from zero to E 0 occurs very 
rapidly at f=0 so that voltage curve 
is vertical at f=0. Thus for step 

voltage, we can write 

at / = 0_ (immediately before v 
€4 = Eq at f*=0 + (immediately after /==()) 


e «T 

| 


f 


Fig. 3 . Step-voltage. 
«)> 
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circuk U (fig. a i)° ItaRe iS applied at the input of a high passive 


We know that the response 
input voltage is exponential with 
output voltage in the form 


of a high pass RC circuit to step 
a time constant RC, we can write 


e 0 (t)=B 1 +£ 2 e-*i R c. 

In order to find constant B, and B 
conditions 2> 


have the boundary 


e o (0 = 0 when 1=00 1 

e o ( t)—E 0 when r=0 J 

which when applied to above equation yield 

B^O 

B,=E 0 

Therefore output voltage will be of the form 

e 0 =0 + £ 0 e~*l RC 
= E 0 e~ti RC 

For t = RC, 


e 0 =e~' E n = 0-63 E, 


i.e., output falls to 0 63 
of maximum input voltage. 
Fig 4 shows the input and 
output voltages. The drop 
from the signal value is 
called the sag. The sag value 
after t second is 
Sag . — E 0 — e 0 (r) 

= E 0 ~E 0 e ~ t l RC 
and fraction sag 

Sag. 

- e -'/ RC ) 


(1 


1 


1 


2 


+ 


0> 



Fig 4 


Response of h ; gh pass RC circuit 
for step -voltage. 


RC'2R 2 C 2 ~6/v 3 C 3 


+ 



/ 

rct 


when / is far less than RC. In fig. 5, output voltage is plotted for 
RC high enough and RC very low. We observe that in case RC is 
made high, e 0 resembles e , except for a small sag. 
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Fig. Plot of output voltage for 

(ij RC high {it) RC low. 

(3) Pulse Input : 

Fig. 6 (a) shows an ideal pulse with amplitude E 0 and dura- 
tion tf>. It appears from figs. 6 ( a ), (6) and (c) that the pulse may 
be considered to be the sum of two step voltages; first step voltage 
Ea whose discontinuity occurs at t=0 and other step voltages — E+ 
whose discontinuity occurs at t — 




t=o t =tp 


t 




%=£ge U ' t ^ ?C 


fig. 6. (a) An ideal square pulse of width, 

(c) Step voltages which make up the pulse, 
d) pulse after transmission through high pass RC circuit, 
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When the pulse of fig. 6 ( a ) is applied at the input of fig. (1), the 
output voltage for times less than t v i e. in the interval f=0 to t v 
will be the same as that of a step voltage input. Therefore for 
0 < t < t P , output is given by 

= E 0 e ~" hC 0 < t < t P 

At the end of the pulse, t = t p ~, the height of the output pulse be 
E v so that we can write 

P p -tr/RC 

E i= E o e 

At the end of the pulse, t~ t p + , the input falls abruptly by an 

amount t 0 , and, since the voltage across the capacitor can not 

change instantaneously, the output voltage must also drop by the 

same amount E u . Therefore at t=t p + the output voltage is given 
by 

E 1—E\ Eg 

=E 0 e~ tp,RC ~E 0 
= E 0 (e~ tp,RC ~ 1) 

Since E, is less than E 0 , the voltage E 2 becomes negative and after 
t = t p , the output voltage decays exponentially (with time constant 
CR) towards zero as shown in fig. 6 ( d ). 


For t 


t P , output voltage is given by 

e 0 = E 2 e~ (t ~ tp),RC 

= £’o (< e ~ tp,RC -\ ) e 


( t - t P )fR C 


We observe from fig. 6 (d) that the 
transmitted pulse is distorted - there is 
a tilt to the top of the pulse and an 
under-shoot at the end of the pulse. If 
these distortions are to be minimised, 
then the time constant RC must be 
very large compared with the width t p . 
If the time constant is very large 
(RCIt P p 1), there is a slight tilt to the 
output pulse and the undershoot ' is 
very small (fig. 7 b). If the time cons- 
tant is very small (RC/t P <% 1) the out- 
put consists of a positive spike or pip 
of amplitude E 0 at the beginning of 
the pulse and a negative spike of the 
same size at the end of the pulse 
(fig 7c). This process of converting 
pulses into pips by means of a circuit 
of shoit time constant is called 
peaking or differentia' ing. 

(4) Square Wave Input : 

A waveform which maintains itself 
at one constant level for a time 7\ and 



Fig 7 (a) Input pulse 
(b) Output pulse 

with RC^>tf 
(b) Output pulse 
with RC<t v 
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at another constant level for a time T 2 and which is repetitive with 
a period ( 7\ + Ta) , 7\ being equal to T 2 , is called a square wave 

(fig. 8 a). 

Let a square wave having a period comparable to the RC 
value of the circuit is applied at the input of fig. 1. We shall now 
study the response of the circuit (fig. 86) at different levels of input 
wave : 

(0 First, soon as the positive spike voltage appears at the 
input, it directly appears across the load R as output, because 
initially condenser C behaves as short circuit. 

( ii ) Now the capacitor starts charging through R, and thus 
capacitor voltage increases. As a result, positive voltage across R 
goes on decreasing exponentially with time constant RC of the 
circuit towards zero. But this exponential decay is slow as the 
time constant RC is comparable to half period, T lt of the wave and 
as such, at t — ti = T 1 , the output voltage can not approach a value 
zero. 

(it/) Now at t == t ! a negative spike voltage equal to E 0 appears 
at the input, due to which output voltage atonce falls by the same 
amount. Thus output voltage becomes negative. Now as the 
capacitor C, discharges exponentially with time constant RC, out- 
put voltage across R increases exponentially towards zero. But 
since lime constant RC is comparable to T 2 , the output voltage 
does not rise to a value zero at t = t 2 =Ti + T 2 . 

(iv) At f=r 2 , again positive spike appears across input so that 
output rises by an amoum E 0 and it becomes positive. State of 
affair is now like points (i) and (ii) described above. The tip values 



Fig. 8. (a) Square wave input. 

(b) Output wave (response of the circuit). 

•Lj, E 2 , Ei, and E 2 of output voltage as shown in fig. 8 (b) can be 
calculated as follows : v 

(0 The output voltage from £, to E 2 is given by 

e a =E x e-*i RC 
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t— Ti 

e o—E 2 

80 that E ^ Ei -TJRC fn 

(//) The equation of the curve from £ 2 ' to Ef is 

e 0 =Z- 2 ' 

when r=/* = 7 , 1 + r„ 

so that y i 

E^E.’e J * /RC ... (2) 

outpm vol.age"f TJ. '^TbJ[oK° VS ^ "" am ° Unt £ » S ° tha ' ,he 

by .nlo^rr«^a7l„ th 3 U ^ 

pp 9 | p i p * * 

V’Pl and ^ on solv ‘ng, provide four tip values E lt E. L , 

h \ and £ 2 of the output voltage. 

21 2. HIGH PASS RC CIRCUIT AS DIFFERENTIATOR : 

a fl ' 8 ^ £ ass R( ~' c ! rc uit is shown. As arleady menti- 

.’ P rocess °f converting pulses into pips by means of a 

circuit of short time constant is called differentiating. Thus here 

time constant RC is far less than the half time (T, or r 2 ) period 
of the wave. v K 

, H e * is input voltage, e 0 output voltage, and / current flowing 

in the combination, then with zero initial voltage across C, we can 
write 


so that 
00 


...( 1 ) 


when 

so that 


E z ' e 

t^Tx + T, 


(Hi) 


where q is the charge on C, 


+ iR, 


or 


ei = j idt + iR 


V/ J 

It time constant RC is small compared to the interval of applied 

voltage, then condenser will charge and discharge rapidly which 

means that out of two terms in equation for a, the first term will 
predominate and hence 


e t 


C 


idt 


or 


C 


det 

df 


Therefore output across R will be 

e 0 = iR 

T,^de { 


RC 


dt 


Because RC is small and constant, we have 

„ de t 


*o oc 


dt 
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Obviously, output voltage is proportional to the derivative of 
the input voltage. Thus the wave is said to be differentiated since 
it develops another wave, the shape of which is determined by the 
derivative of the input voltage. 


I l 1 

t—0 t = Tj f = 

"T t ! ' ! 



Fig. v. (a) Differentiating circuit, 

( b ) Pulse input. 

(c) Differentiated output. 

We can studv the response of the circuit as follows : 


(/) At f = 0, when step voltage is applied to the circuit the 

whole input voltage appears across load R as the capacitor initi- 
ally acts as short circuit. 

(/7) At t > 0, capacitor charges exponentially and voltage 

across/?, therefore, decreases exponentially with time constant CR 

Since CR <C T u charging of C and therefore decrease of output 

voltage across R takes place very rapidly so (hit in a short time 

output voltage is reduced to zero and is maintained at zero till the 
instant t—T x . 

O'H) At t=T u negative step voltage (— E 0 ) appears at input so 
that atonce output goes negative by an amount equal to the amnli- 

n th M npUt StCp - vo, £ g * S = ~ £ °)- This voIta g e then inc eases 
to zero as the capacitor discharges rapidly before time t=T -t- T 

is reached. ,T 2 


A ! =T ?'X- Ti ' a ,P, osltlve ste P voltage is input to the 

» W w d Zl 15 h * c tha * described in points (i) and (ii) 
above We can obtain a criterion for good differentiation in terms 

of the time period of a sinusoidal input voltage. Refer to art 

21 1, case of sinusoidal input. The output voltage is 

*0=1 E 0m | sin (a>t +6), 

where output voltage leads the input voltage by 9, given by 

1 

tan (/=-—— 

coCR‘ 


892 

Hand Book of Electronics 

as Z? h r e T? at for u better differe ntiation CR should be as small 
should annrr>nnh Can fi be V | ry to Zero or in other words tan 9 

a SJ ;!? ’ b K, CaUSe r f° r this either *=° or C= 0 which is 

value for goTdifeenHaT^/fhut 4 ' " a better SeleCled 


tan 89*4 


100 


or 

or 


or 


toCR=' 
2nfCR= 
2nCR „ t 

— ^ — ==-oi, 


ojCR 

1 

coCR 

•01 

01 


T are the frequency and the 
sine wave. Thus 


time period of the inp t 


RC- mT 

* c — 

^0-0016 T 

which is a criterion for good differentiation 
213. LOW PASS RC CIRCUIT : 

Fig. 10 shows a low pass RC 
circuit. Since the reactance of the 
capacitor, C, decreases with in- 
creasing frequency, this circuit 
passes low frequencies readily but g.f ( 
attenuates high frequencies. Thus ** ' 
the circuit acts as a low pass filter. 

We shall now discuss the response 
of the circuit to various types of 
the input. 





(1) Sinusoidal Input : Fig 10. Low pass RC circuit 

Let the input be 

ei=Ei m sin a>t, 

then the current, i, flowing through the circuit will he 

. g< 

R+ jJc 

and therefore output across C will be 

1 e t 1 

JcxjC 
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or 


where E 


— IF pt* 

om — | t-'Qtn e 


Sim Sin W/ 

= 1 +j u)CR 
c o := E um sin cot, 

Eim 


...d) 

• • ( 2 ) 


1 + ja>C R 


or [ E an I cos 0+j I E om | sin 9 


or 


Om 


cos 9 


Eim ( 1 -jcvCR) 
l +UJ 2 C 2 R 2 

Eim 


j Eg m [ sin 6 


I Egm I COS { — 9) 


1 + W*C J R 2 

— wCR Ei 


m 


0 m 


sin ( — 9) 


1 +<o 2 C' 2 A 2 
Eim 

1 + co 2 C 2 J R 2 
OjCR Eim 

l+u> 2 C z R 2 


so that 


E 




m 


,Qm 1 [ l + o /' C 2 /? 2 ] 1 / 2 

tan ( — 0)=o>CR 


and — v ... 

or $= — tan- 1 (coCT?). 

Thus 0 should be taken as —9 in equation for E m , so that 


om 


F 

c 0»n ^ 


and output voltage will be 

eg— Egm sin a>t 
= | E 0 m | e~ )B sin iot 

= | Egm I sin ( wt — 9 ). 

Therefore output voltage lags behinds the input voltage by an 
angle 6. 

Further ratio of peak value of output and input voltage is 
;iven by 




1 


1 


Ei 


m 


+JojCR 


1 + 


jio 


by taking 


CO 


CO 2 


CR * 


Thus 


E 


0*n 


1 


Eim 


1 + 


Cl) 


CO 



1/2 


L(~0) 


where 


«=tan- 1 ( — 
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We can also write 

F 


E 


irn 


where /„ = - — is called 

the upper cut off frequency 

70 - 7 o/ Ch 1 p is . rat '° to 
. °f its maximum 

va *ue. Variation of (E nm /Ei ) 

a faction off// 2 ) i s 
shown in fig. l j. We ob- 
serve that gain at high fre- 
quencies is dropped to 
lowest value whereas it is 
unity at low frequencies. 


[T+(/// 2 ) 2 ]V« ^ tan 1 (///s), 


f'O 


O/B 


07 


4^ I *5 


0-2 



v? 


/ 

(f/4) 


Fig. 11 . 


Graph showing gain as a 
function of frequency. 


(2) Step voltage Input : DCt ' OD of ,requeDCy ' 

voltage 6 W e °k n o w & fh a t "t h p 3 * n e ^ m art- 21 1 the meanin g of step- 

as “haw rh P p " ent ’ al Whh a fime constant RC - That is > 

output starts from 7 apac ' ,or cann °t change instantaneously, the 

RC towards steady*^ and . riscs exponentially with time constant 
ac towards steady state value as shown in figure ,2. 

I he output voltage is the _ „ ^ 

same as the voltage across Step to/foge ej 

the condenser during charg- £f a ~ — - 

mg and is given by * 

e 0 =E 0 [1— e-t/Kcj S' j 

Time, t lt in which out- / ot/fat// | 

put falls to 10% of its final /»***»» j 

value, E 0 , will be o-i ./ e o ! 

*o = 0-l E 0 =E 0 [1 -e-ix/Acj ^ & xr- 

or e~ t il RC = o *9 h 4* >j 


or 


or 


/■0 

0*0 


0 v 


/ ovf/ov/ 
HAjyefo/w 


t 


or 


'l , on Fi S- 12 ‘ 

^log 0 9 

2 303 log 10 (1/0*9) 


Fig. 12. Response of low pass AC circuit 

for step voltage. 


— 2 303 (log 10 — log 9) 

= 2-303x -045 
= 0-1 

or *i =01 

tlrae . * 2 . in which the output falls to 90% of its 
value Ej, is given by 

*o = O l E 0 — E 0 (1 — e~**l RC ) 


or 


final 
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or 

g—i 2 ! — 

= 1-0-9 

or 

RC' 

= 2-303 (.log 



= 2-3 

or 

to ~ 

= 2-3 RC. 


-log 1) 


The difference between and t, is called rise time , t T , of the 
circuit. It gives an indication of how fast the circuit can respond 
to- an abrupt voltage. Thus it is given by 

t r = ti — tj = 2 i RC- 0-1 RC 


= :-2 RC 


2\2 

6Jj 


_°'A 5 

“/a ' 

Thus rise time is directly nroportional to the time constant 
and inversely proportional to the upper cut off frequency,/,. 

(3) Pulse Input : 

A square pulse of width t p and height £, is applied at the 
input of low pass RC circuit of fig. 10. 



Input Pulse 



Output Pulse 

RC< < t „ 



Output Pulse 

RC t p 



Output rulse 

RC>>t v 


Fig. 13. Response or low pass RC 

circuit for pulse input. 


•ksr 
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the nul^e^vvid'rli 6 f ^ e ^* rcu * t Por suc h a pulse for time less than 

given by * ” C Same aS that for a ste P in P ut and is 

<?o = £ 0 d c ), 0 < t < t,. 

to a va , e u n e^ f wh e e at t=tv ’ the output rises ex P°nentiaily 


^1=^0 (1 


~t 


V > RC ). 


constant*/?^ *■!*/ ou JP ut decreases exponentially to zero with time 

pm wavetnfrn^°^ erVe , that ’ in Case of low P ass *C circuit, out- 
This is hmiKp th lst ° rted ana extends beyond the pulse width t v . 
charging fn to cbarges accumulated on the condenser during 
tion To he min' CaQ not . ea ^ °ff instantaneously. For the distor- 

pulse width lmU T r 1 ' r,setl ' me t f r, should be small compared with 
\f fp t jj en p " ^ upper cut off frequency, / 2 . is chosen equal to 

tr = 0-35 

enrJil U Ll pU '- Se shape wil1 be Preserved if the upper cut off frequ- 

Fo/a niikp r °rT a e * y et fual to the reciprocal of the pulse width. 

cut o/r. ° uratlon ’ ( p~ 0-5 u sec., we shall then require upper 
cut off frequency, f 2 , equal to 


U’5 x l»r° 


2 me s. 


(4) Square Wave Input : 

llnnl j^? a square wave having a period greater than rise time, be 
ippned at the input of low pass RC circuit of fig. 10. We get 

ays ate response. We can describe, now, the response of the 
circuit as follows (Refer to fig. 14) : 

sii ^it Fi J st ’ soon as the positive step voltage is applied, almost 
vo age drops across R and no voltage appears across C. There- 
fore output at t=0 is zero. 

(ii) Now the cap acitor starts charging through R and the out- 
pu rises exponentially with time constant RC towards E 0 and 
reaches a value E/ at t-= t^ = T x . 

(ni) Now at t=*t l9 a negative step voltage appears at the input 
so that condenser C starts discharging exponentially till next posi- 
tive step voltage appears at the input at t = t 2 = T 1 + T 2 . 

After t = hf the state of affairs is now like points (i) and 
\i 0 described above. 

. tip va ' ues Ei and E 2 of the output voltage can be calcu- 

lated as follows : 

Let E x and E 2 denote the tip values of input voltage then : 

(i) the exponential curve of output voltage from E 2 to Ei' 

(in period /= 0 to t = t x ) is given by 

e 0 ^Ae^ t i RC -\~B y 
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corn! ft ions^ B are the constants » to be determined by the boundary 


t=o o e 0 = E 1 

and /=0 e,=F ' 

- . C 0 — *-'2 

wnioh when applied to the above equation for e 0 , yield 

E X =B 

and E Z ’=A+B 

so that E 2 ' — B— A 

or E i ’—E 1 —A 

Puting the values of A and B, we get 

e 0 =(£ , 2 '-£’i) e-URCj r El 
when t=T l} e 0 =E 1 ’, therefore 

e 0 =£/=(£' 2 '-£' 1 ) e - T i'R c +E 1 

t Similarly the exponential curve of output voltage from 
Ei (in period t=t x to t=t 2 ) is given by 

e 0 =A' e~'/ Rc +B' 


-d) 

...( 2 ) 
E,' to 


(d) 


T 

£, 

4 — 

— t 

7 Z 

' / * 


kJ 
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Applying 

/=°° e 0 =E t 
t~T 1 e Q =Ef 

we get 

A'^iE^Eo) eTJKc 

B’=E 2 

so that 



0 =(£y-£V) eT,l^^t'Rc +Ez 
= {E L '—E 2 ) e ^~T),Rc +E2 



t=(T x -\-T 2 ), e 0 =E 2 ' ; therefore 
E./=(E 1 ’-E 2 ) e-T,l><c +Ei ...(4) 

Eqs. (2) and (4) can be applied to determine the tip values of 
output voltage. 

21*4. LOW-PASS RC CIRCUIT AS AN INTEGRATOR : 


A low pass RC circuit is shown in fig. 15 (a). It consists of a 
high resistance in series with large capacitance, output being taken 
across C. 


/P 



(a) A low pass RC circuit 
acting as integrating 
circuit with RC ^15 T. 


» 




(b) Input square wave to an integ- 
rating circuit and integrated 
output. 


Fig. 15. Integrating Circuit and Waveforms. 

The expression for input wave can be written as 



idt + iR 






If time constant RC is very large compared to 
input signal then the second term of above equation 
small and hence 


the interval of 
will be very 
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i dt 


e< dt 


since output of this circuit is taken across C, output voltage will be 

1 

= l[ e < 

Cji? dt -RC 

Obviously, the output voltage is proportional to the integration of 
input voltage. Thus the wave is said to be integrated when it deve- 
lops another wave, the amplitude of which is proportional to the 

integral of input wave, (fig. 15 b). But two important points are 
to be noted : 

(i) Ife, = arthen 

_ at 1 
e °~2 RC ' 

As time increases, drop across condenser will not remain negligible 
compared with that across resistor, R and the output will not 
remain the integral of the input. 

(ii) The integral of a constant is a linear function and this 
agrees with the curve of fig. 14 (d) which corresponds to RC.^> T. 
As the value of RC/T decreases, the departure from true integra- 
tion increases as indicated in figs. 14 ( b ) and 14 (c). 

We can obtain a criterian for good integration interms of the 
time period of a sinusoidal input voltage. We note for better 
integration CR should be as large as infinity. For which either R 
should be infinity or C should be infinity. This is, however, not 
possible. But from case of sinusoidal input we observe that 

tan (-d)-wCR 

* s mfinit y- tan ^ should be infinity. In other words 9 

l ^0°. ^or practical purposes, we can choose value 
of 6 to be 89 4° so that 

tan 89 4 = o>C7? 

100=2 vfCR 
2 r.CR 


100 


CR 


T 


T 
100 
2 TC 

ss 157*. 

where T is the time period of input sine wave. 

Thus /?C>15 7 

is a criterian for good integration. 

(B) NON-LINEAR WAVE SHAPING 

Pin* riSoi"”' WiVC il,aPinS ' * e Shal ‘ dis<:us! cli PP in S and clam- 
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21-5-1. CLIPPING OR LIMITING CIRCUITS : 

The shaping a wave in which it is flattened off or limited to a 
particular reference voltage level is called clipping. According 
to operation, clippers can be divided into three classes : 

(a) Peak clipper or peak limiter : In sucn type of clipping 
circuit, the top portion of wave amplitude (positive or negative 
both) is limited so as not to exceed a value set up by clipper. Such 
clipping can be performed by a diode or triode. 

In figure 16, a diode clipper is shown. It is obvious that when 
ei<E x , tne diode T x will not conduct at positive peaks of the input 
wave. Further at negative peaks, if e{<E 2 , the diode T 2 will not 
conduct. Therefore when e { lies between E x and —E 2 , neither of the 
diodes will conduct and the input voltage will be transmitted to 



Fig 16. Diode peak limitter. 

output terminals. But when input voltage c, is more positive than 
E x the diode T x will conduct and if series resistor R is sufhcien y 
hight this conduction will limit the positive peak of output vo ag 
approximately to the level of E x (fig. 17). Similarly, ^ en 
more negative than E 2 , the diode T 2 will conduct and wit 
same assumption for R, this conduction will limit the nega 
peaks of the output voltage to the level of E 2 (fig* 17). lhus 
peaks are clipp ed. 





Fig. 17. Peak limited wave. 


t If R is high compared to diode resistance then drop will be almost across 

n rl hpnpp linpo r 


i - * w ~ v ■ 

R and hence linear. 
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c*th ♦- 18, l! rwde clip P er is shown - ln this circuit, grid and 
of the output voltage to a level E x . This is termed as grid limiting. 



Fig. 18. Triode peak limitter. 


Gr/of 0 LI 

VoSfage ▼ Yi 


jc/vo/ s/as £, 



Co/ off 

—&'a$ 


Fig . 19. Figure illustrating the clipping or a 

sine wave by triode circuits. 

is ™ at nega I iVe ? ea u ks of input v °h a ge <?,, the amplitude of e ( 
LcfkT pared Wlt ^ the cut off ? rid vo] tage for the circuit and 
at rm tU ft^K- t0p f ° P wc tlon ’ This results in flattening of waveform 

Limited wavefoims are shown in fig. 19. g ‘ 

in Smr. 20 as ' t Th! IPPer V Circuit <?' a diod ' base Clipper is shown 

t 'CZ't amP ' i,UdeS ,hat "* " SS ,ha ” a ” a ^Ttrkrfl1r S chose“ 

It is obvious from figure 20, that 
output voltage will be obtained only 
when the amplitude of input voltage 
exceeds E x . Thus only peak portion 
of the wave results in the output 
(fig. 21). v 

. Such base clipping may also be affectrf 0 ' ba ” C "' Pper - 

instead of diode (fig. 22). Suppose the level below which wo' * 'warn 
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Fig 21. Base clipped waveform. 


the waveshape to be removed is E x . 
For this, the tube is biased to a value 
that is more negative than cut-off 
by an amount of this desired level. 
The shaping is shown in fig. 23. 



Fig. 22. Triode base clipper. 



Fig. 23. Clipped waveform. 

(c) Slicer : An arrangement in which both peaks and base 
are removed, i.e., a slice of wave appears at the output, is 1 
as slicer. Such a circuit is shown in fig. 24, in which two diodes i 
and T t are used and they are biased to the two desired levels E x an 



Fig. 24. A slicer circuit. 
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E t . How slicing action takes place 
is shown in figure 25. Diode 7 1 ! 
(high resistance R and bias £, unit) 
serves as a peak limiter while diode 
T 2 in association with £, acts as a 
Dase clipper. Therefore when input 
voltage exceeds E u output of ampli- 
tude (£,— £ 3 ) is produced while all 
input voltages with amplitude less 
than E 1 arc reduced to zero amplitude 
in the output. 



21 5-2. CLAMPING CIRCUITS : 


Circuits which hold either the positive or negative extremeties 
of any waveform at some predetermined (fixed) reference level are 
called clamping circuits. 



Fie. 26. Diode positive Fig 27. Positive Clamping 

clamping. (a) waveform at input */. 

(b) charge and discharge curve 
of capacitor. 

(c) output e 0 . 

Sometimes it is required to amplify a complex waveform having 
a high d.c. component value. Such a wave can not be applied as 
such to the grid of the amplifier since d.c. value of waveform 
would affect the grid bias and hence the operation of the amplifier. 
Therefore, it is necessary to remove this d.c. level which can easily 
be accomplished by passing the wave through a capacitor which 
will block this d.c. component. After amplification, we again want 
the same d.c. level to be present in the wave. To restore such a d.c, 
level, we use the above clamping circuit. Therefore, these circuits 
are also called as d.c. restorer. 
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In the present discussion, we shall describe positive and nega- 
tive diode clampers. Both the circuits consists of a diode with RC 
network. The essential conditions for such circuits are \ 

(i) source and diode should be of low resistance, 

(//) time constant RC should be considerably large compared 
to input wave period. 

(i) Positive Clamping Circuit ; Positive clamping circuit is 

shown in fig. 26. In fig. 27 (a), a square wave of 100 volt amplitude 

with a d.c. component (average value) of 70 volts [20+(120-20)/2] 
is shown. 

When this wave is applied to the clamping circuit, then during 
the interval of 20 fi sec (from 0 to 20/z sec ) the capacitor charges to 
full 20 volts through R with polarity shown in fig. 26. The diode 

does not conduct since its plate and cathode are at the same poten- 
tial. The output is zero. 

Now at the instant /= 20/L6 sec, applied voltage increases to 
120 volts. Since the charge on condenser (which is already charged 
to 20V) cannot change instantaneously, a voltage of 100F=(120 — 
20) will appear across R as output. 

As shown in fig. 27 ( b ) because of large time constant RC 
condenser charges itself only to a small extent, say 10 volts more, 
so that total voltage across condenser becomes 30 volts. This redu- 
ces the output voltage from 100 to 90 volts as shown in fig. 27 (c) 
by the position yy lm 


At sec. input voltage drops down to 20 volts level 

(fig. 27 a) with a fall of 100 volts. But net voltage across R at this 
instant is 90F as a fall of 100 volts (curve y x y 3 ) will leave a voltage 
(90— 100 1, i.e. — 10 volts across R. This explains the negative 
undershoot y 2 y 3 seen in fig. 27 ( c ). This means cathode of diode is 
at —10 volts with respect to the plate, allow, ng the diode to con- 
duct. Since the diode resistance is small, the output terminals are 
short circuited. The output is then zero (y 3 y 4 portion in fig. 27 c). 
Since d.c. input of 20 volts is still at the input, capacitor remains 
charged to 20 volts till the next rise in pulse amplitude comes at 
t — 45/x sec. i.e . output will remain at zero for the interval for 
(45 -25), i.e , 20/x sec. and after /= 45/* sec. operation repeats itself. 

(ii) Negative Clamping Circuits : As shown in fig. 28, a 
square wave of 100 volts amplitude with a d.c. component of 70 
volts is applied to the circuit. The only difference between this 
circuit and that shown in fig. 26 for positive clamping is that the 
diode is reversed in polarity. 


The condenser is charged to full +20 volts fhrougn the resis- 
tor R. The output is zero since cathode ana plate of diode are at the 
same potential. Then at t= 20/x sec input voltage increases to 1-0 
volt. Since the charge on condenser, already charged to -1-20 volts 
can not change instantaneously, full 100 volts will appear across R 
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and consequently, makes the plate of diode 100 volts positive with 
respect to its cathode. The diode then conducts and the condenser 



Fig. 28. Negative Clamper. 



7/cre //? sec 



Fig. 29. ( a ) input waveform, et, 

( b ) output waveform, e„. 

is charged to +120V, quickly through its low forward resistance. 
Since the diode resistance while in conduction is small, output 
terminals are short circuited and output goes down to zero. This 
operation is shown by a sharp pulse at t= 20^ sec. in fig. 29 ( b ). 

Output remains zero for a period of 5 u sec. from 20/x sec. to 
2Sfj. sec. At t— 25jx sec. the input goes down to 20 volts level, fall- 
ing by 100 volts in amplitude. Diode stops conduction. Since 
condenser is already charged to 20 volts, its charge will not change 
instantaneously and a full drop of 100 volts will appear across R, 
the output. This is shown in fig. 29 (6) at t= 25ju sec. where out- 
put goes from 0 to —100 volts. 

For r= 25/x sec. to /=45^ sec. capacitor discharges to very 
small extent as the time constant RC is high. We take that 
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potential across C falls through R by ’ 0 volts so that output comes 
down from —100 to —90 volts 


r inn ? 5fl S ^u - input pulse a S ain rises to 120 volts, an increase 
ot iuu volts This full increase appears across R which already 

f. a i Its across it. So now voltage across R will become 

(100 — 90) i.e 10 volts, making the plate at + 10 volts. The diode 

conducts and output is reduced to zero as shown by an overshoot 
at /= 45/* sec. in fig. 29 ( b ). 


Output remains at zero for the period 

to t= 50/* sec. For next periods 
cycle described above is repeated. 

If the cathode and resistor R are 
returned to some voltage other than 

^ r *?i U L ?? s hown in fig. 30, clamping level 
will be shifted accordingly. For example 
if cathode (also resistor R) is biased to 5 
volts negative with respect to ground, the 

output wave-shape would shift down by 
5 volts. J 



Fig. 30. Circuit for nega- 
tive clamping at a level 
other than zero. 


216. PN JUNCTION CLIPPERS : 

A diode volt-amp. characteristic is shown in fig. 31 (a). The 
slope is discontinuous at the voltage V B . This point is called a 

break point (for Si, Eb = Q6V; for Ge, Vb—0'2V). Now refer to 

e clipping circuit of fig. 31 ( b ). The plot of its output voltage, 

^o. as a function of input voltage, v,-, is shown in fig 31 (c). Here 
break point occurs at (Vb+Vr). 

,( l ) For positive peak of input voltage, v { : For v t < ( Vb-\- P]r) 
diode is reverse biased (OFF) and therefore for this portion input 
will appear as such at output. But for »,■ > (Vb+Vr), diode will 
conduct. If a silicon diode is employed then drop across diode 
will be approximately 06V during this internal and the lest of the 

input will be developed across the resistor, R. Infact, increment in 
output is given by 


where R f is diode 



Rf 


Rt+R 


forward resistance. 


If R f < R, then positive 




f ig 31 (a), (b). a diodo clipper. 



? 




/P 

VWVA 



-h 


x_ 


£ 

//, 


J- 
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Fig. 31 (c) A diode clipper. 

peak of the output will be sharply limited at the voltage (Vr-\-Vd) 
and it will appear as though the positive peak has been clipped 
off. When Vb < V t( , positive peak is clipped at the voltage V K and 
is thus limiting reference voltage. Thus output positive peak can 
be clipped at the desired level, Vr. 

(«) For negative peak of input voltage, w, : When the input 
goes negative, diode will be reverse biased and if small reverse 
leakage current is ignored, input will be transmitted directly to the 

output. 

Clipping at two different levels : 

A parallel arrangement of two diodes shown in fig. 32 (a) is 
used to clip the input sinusoidal wave at two independent levels. 
The transfer curve has two break points, one at v Q —Vi—V Rl and a 
second at v 0 =Vi = V R2 , assuming V Ri > V Rl . Operation can be 
briefed as follows ; 

Input, v. Output, v Q 

v t ^ V Rl r 0 = V Rl 


I'si <Vi<V Ri v 0 —Vi 


v *>V Ri v q ^Vr 2 


Diode Description 

states 

A ON "I As diode D x conducts, it will 
As OFF l limit this portion of input 

| waveform to a level V Rl . 

* 

D\ OFF') As both diodes are OFF, this 
Z >2 OFFl portion of input will be trans- 

| ferred directly to ihc output. 

Z>! OFFl As diode D z conducts, it will 
ON l limit this portion of input 
j waveforms to a level Vr 2 , 
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(b) 

Fig. 32. (a), (b) Diode Clipping at two independent levels. 

The circuit of fig. 32 ( b ) is referred to as slicer. 

21*7. PN JUNCTION CLAMPING CIRCUIT (d.c. inserter) : 

Commonly used dc inserter circuit is shown in fig. 33 (a). 
Operation : 

(/) Let initially capacitor be discharged so that v ac =°- .At 
f = 0, input jumps to — 5V and remains at this value for a period 

T/2. This input will forward bias the diode and capacitor will 
rapidly charge upto 5 — V (provided we neglect forward voltage 
drop ot the diode). Since Rl is shunted by the ON diode, it wil 





C 


Fig. 33 (a) Diode Clamping circuit. 

not be effective in this period and thus output will be close to 
zero for the first half period (T/ 2) of the input. 
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(//) At t=T/2, input jumps to +5 V while the capacitor will 
hold its previous charge at —5V. If time constant is made much 
longer than T/2, the capacitor will not have time to change from its 
previous charge i.e. capacitor will serve as a source of a constant 
5 V. As the input +5V and capacitor 5V are in series, they will 



+ 


r ' L w 




Fig. 33 (b) Clamping circuit waveforms. 

add to give an output of 10V (provided Rl is much larger than 
source resistance fig. 33 b). It may happen that during this period, 
capacitor may lose a slight charge. 

( ///') When the input reverts back to — 5V again, capacitor 
has already a charge almost upto — 5V. Therefore there will be no 
current flow and the output will be zero. The slight charge lost 
by condenser during positive peak time will also be quickly made 
U P again. Thus capacitor constantly behaves as a constant source 

of-5V. 

21 8. CIRCUITS TC 


PRODUCE 


Ti 


ling markers : In various receivers and transmitters use of 
very accurate sharp timing markers is made to measure the diffe 
rence in the time of arrival between two pulses or to produce accu- 
I ate timed pulse waves by triggering the generating circuits. We 
shall discuss here the following two techniques : 

(/) First Technique : The block diagram is shown in fig. 34. 
A high frequency sine wave produced by crystal oscillator is first 
sliced and then differentiated to produce pulses of short duration 
(positive which removes pips). These pulses are then applied to 


CKYS7XL 
OSaLLATQff 
>000 KC 


IX* 








a//?£fiEAmc- 

7/jvG 

c//ecv/7 



J 


-•■j t A* 

Soc 


JlX. 


OUTPUT 


CL/PP£tf 



£ig;_34. Timing markers generation with the help 0 f wave shaping ci c 


ott. 
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limiter which removes the positive pips. Suppose the frequency of 

crystal oscillator is 1000 kc/s. then these negative pips will be of 
l/x sec. interval. 

To get sharper pips of positive polarity, the output of limiter 

is fed to an amplifier which will amplify and invert the wave. To 

remove the broad base these pips are clipped at the suitable level 

by means of a clipper. We thus obtain ‘ hair line' marker pips at 
1 -ft sec intervals. 

(«) Second Technique ; Ringing Circuit : This circuit is used 
typically to generate a sequence of pulses spaced regularly in time. 
Circuit is shown in fig. 35. The grid is slightly positive when no 
signal is applied. The tube conducts heavily and the steady 
current builds up a strong magnetic field around the inductor L. 
Output voltage is zero because d.c. resistance of the coil is zero. 



Fig. 35. Ringing circuit. Fig. 36. Waveform. 

When the negative going square wave, fig. 36 (a), sufficient to 
drive the tube beyoDd cutoff, is applied, current stops to flow and 
energy in the tank circuit oscillates back and forth between the 
inducator L and capacitor C, i.e., LC circuit is left free to oscillate 
at its natural frequency. During each oscillation some energy 
is lost in the resistance R so that output is a damped wave shovn 
in fig. 36 (b). Oscillations are damped out soon by decreasing the 
value of R , its critical value is given by 

R — WWC). 

With such a value of R , most of the energy is lost in first cycle 
of operation and the resulting output is of the form shown in 
fig. 36 ( c ). Thus a pulse is formed which can be further sharpene 
using clipping and differentiating circuit as shown in fig. 34. * 

should be noted that 



width of the pulse, fig. 36 (c), produced depends upon 


0?) pulse duration is shorter and its rise time is faster when 
the resonant frequency is higher. 
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Another circuit of ringing oscillator is shown in fig. 37. In 
’he absence of an input signal, the transistor is biased to produce 
a steady current through the high Q inductor and steady magnetic 
neld is built up around the inductor. When the negative going 
square wave, sufficient to cause cut off, is applied to the base 
circuit of the transistor, the steady magnetic field collapses and 
the LC circuit executes free oscillations at its natural frequency. 
The collasping field tends to maintain current which charges C 
and oscillations continue until the end of the input pulse, at which 
the transistor again conducts. Due to conduction of the transis- 
tor oscillations are damped out and magnetic field starts building 
up around inductor. Thus the process continues. 



Fig. 37. Transistor ringing oscillator. 

EXERCISES 

1. Discuss the response of high pass RC circuit to various types of input. 
When can it work as a good differentiator ? 

2. Discuss the response of low pass RC circuit to various types of input. 
When can it work as a integrator ? 

3. Discuss diode and triode clipping circuits when it is desired to clip 
(a) the peak ( b ) the base of the input wave. 

5. Discuss positive and negative clamping circuits. 


t 
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VOLTAGE AND CURRENT SWEEP 

GENERATORS 


^ U ^ se generation and scaling circuits’, we have 
^ . ese generators with circuits using vacuum tubes. 


w *^ e applications in instrumentation and communica- 
tion systems, we are describing them in detail with transistor 


circuits. 


22 1 . 


USED TO DESCRIBE SWEEP 


TERMINOLOGY 
GENERATORS : 

Prior to discussing sweep circuits, we shall explain in brief the 
terminology used for such a description. 

Ideal voltage ramp : In a linear ramp (sweep) generator, the 

I P’P. tnPTPQCPC /“\ f A I. , . . v . r ' « « _ 


! . . — uncar ramp (sweep) genciaioi, 

voltage increases or decreases linearly with time, and has a dura 

tion. At the end nf H 1 1 r Q 1 1 An 1 4 - f . /_ _ 1 . _ .r/% Ilia In 


A u j r linear iy VVllll lllliC, clliu uaa a. v 

ion. At the end of duration, it returns abruptly to initial value. 
ng 1 (a) ideal voltage sweep waveform (with positive slope) is shown, 
voltage ramp (sweep) starts everytime after a certain repetition 
period T s , called ramp duration. Such an ideal ramp (sweep) 
waveform can be expressed as 


V 


si = V S 

t 


t-o 


+ V.t with 0 


T. 


where 


V 


<- o 


is the initial value of the ramp voltage 


dV, 


and 


t-a 


dt 


Fis constant for ideal voltage ramp waveform. 

In fig. 1 (b), ramp waveform having a negative slope is shown 



Sweep omp/ZZucZe 


Sweep omp/ZZede 





t-0 


Time 

Fig. 1 (a) Fig. 1 (b). 

In fig. 2, practical sweep voltage waveform is shown. In it 


we note that voltage does not return abruptly to its initial value 
atter the end of sweep duration, T s . Thus it takes some more 
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time after the end of sweep duration, T s , to come to its initial 
value. This is called retrace interval or flyback period or restora- 
tion time periody and is denoted by T r . It is desirable that retrace 
time be as short as possible. If fig. 3, another sweep wave orrn is 
shown in which the next ramp takes some time duration even 
after coming to initial value i.e . after the retrace time. is is 
called reset time or rest period and is denoted by Trent* Ihus o 
a practical sweep waveform, the repetition period is 

T r ev~Ts-\~ T r + Trctel' 

For ideal waveform T r and T rC sot are zero. We may mention 
here that the time base generators which produce a sweep wave- 
form without any trigger signal are called f re f running time base 
generators , whereas time base generators in which start o P 
or its form is governed by external signal are called iriggere i 

base generators . 



\ Sweep Retrace 


$ 



Preset 


Fig. 3. 

c WMh amolltude : It is defined as the modulus of the 
difference** of ramp voltage at t=Ts and the initial value of the 

voltage 


V 


Myjcgp 


V: 


t— T: 


Vs 


t = 0 


w 

It is the rate at which, the 
It is constant for an ideal 


Sweep or Ramp Speed : 
voltage changes with time. 

waveform. _ . . . . 

Slope or Sweep speed error : It is deBned as 

Initial sw eep speed — Final sweep speed 

€% pwd^ 


sweep 

ramp 


Initial sweep speed 
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mf 


ideanine^ e r S on n e. idea 0fthe deV, ' at, '° n of swee P waveform from an 

ture error a J so acc ounts for the depar- 

waveform. This deviatlon^r^ 1 "!*" ^ eal . Perfectly linear ramp 
ways: deviation from linearity is accounted in two 

straight lir!! ! S expr f sscd inarms of the difference, 8, between the 
S sS'" 1 f ‘, he , ini,ial P° int of s »«p and the actual 

defined as C ' 4 <0 ’- The displacement error is then 


€di 


$ 


sp- 


max 


init s Wi " be ntaxinnim for the 

initial and final sweep points : 


tangents drawn at 
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Differential linearity : It is measured mterms of the maximum 
deviation in rate of change of sweep voltage with time i.e. 



from the average value defined over sweep duration 
Thus 


Differential linearity = 



Average value can be found by 



Refer to fig. 5. The top part shows the actual sweep waveform 
and at the bottom is plotted rate at which sweep voltage is chang- 
ing with time, (slope). Obviously at T=Ts sweep voltage has 
become steady so that ( dVs/dt ) is zero, while at the start, sweep 
voltage increases rapidly and ( dVs'dt ) is maximum. 



Fig. 5. 

By differential linearity, we can account for the departure of 
voltage from linearty in a more better way. 

Transmission error : Even if an ideal sweep voltage be trans- 
mitted through linear R-C networks, output sweep waveform 
aeparts from input sweep waveform. This departure arises due 
to the error that has crept in due to transmission through the 
network. This is called transmission error defined by 

_ Input sweep amp litude Output sweep amplitude 
an> ’ Input sweep amplitude ~~ ~ 
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22 2. FUNDAMENTAL SWEEP- VOLT AGE GENERATORS : 

Any method for generating sweep voltages utilizes the exponen- 
tial charging and abrupt discharging of a capacitor through a 
voltage operated switch (eg. a UJT, neon bulb or transistor). 
Thus a fundamental sweep circuit should include : means of char- 
ging a capacitor and of discharging it 
when sweep voltage attains its amplitude 
a f t=T s . Further we require, in addition, 
circuit techniques to linearize the sweep 
waveform and a voltage controlled switch. 

An exponential sweep circuit (R-C 
network with ideal voltage controlled 
switch) is shown in fig. 6. we assume that 
initially switch ( SfV ) is closed, so F oti< =0 
At instant r=0, switch is open and the capa- 
citor, C, begins to charge towards + V CC 
through resistor, R. The voltage across 
the capacitor i.e, sweep voltage, at any 
instant of time is given by 


r" 

i 


sw\ 

Q 



ou t 


Vs 


t 


Vcc (l 

(0 <t<T s ) 


Fig. 6. An exponential sweep 
...(1) circuit. 


where RC is called time constant of the circuit. 

Though the capacitor charge curve is extermely nonlinear 
yet initial portion is almost linear. Say for first tenth of time 
constant (i.e., t = Q \ RC), V out is 01 V eo . This can be seen as 
follows: The initial charging rate of the capacitor is 

dV 0 . Jt _/ ll _VJR_V ce 
dt C C RC 

so that, if it continues charging at this rate, then at t=0’\RC, 

This is the value at linear charging. But according toeq. 0)» 
the exponential charging value will be 

V ou t= V cc (1 -e-*-i*ciRC) 

= K cc (l-<r 01 ). 

= 0-095 V ee 

which is the actual value as capacitor charges exponentially. Thus 

the two values are quite near, having a difference of 0 OUD ee 
only (fig. 7). After /=0 1 RC y the charge curve begins to depart 

radically from the linear curve. 

Thus if the switch is left open for a time less than 0*1 RCy * e 
capacitor voltage, V oni% will be linear. When the switch is close , 

V 0 ut will abruptly drop to zero. 
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Fig. 7. 

Thus sweep voltage is linear if the switch is alt ^ nate '^ °P e ^ ed 

Sweep waveform is shown in fig. 8. The sweep “ 0 ' 

. . P’P hmr 0*1 /\C. 



7 , 5=0 

Now we proceed to find errors, 
(if Sweep speed 


RC. 


Initial sweep speed -Final sweep sp eed 
e sfl eei= Initial sweep speed 


dVs 

_dV s \ 

dt 

i—o dt |f=r s 


tv s 

sit lj«0 




/ 


To find these terms, we have to differentiate eq. (1). That is. 


dV s V ec 


dt RC 


e -tinc 


so that 


dVs 

dt 


£— 0 RC 


».(2a ; 
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and 


dV. 


dt 


t~T.i 


V _SL~TslRC 
RC 


But from eq. (1), a t t=T s , V s = V 

^ v sweep* we get 

t 


...(2b) 


or 


sweep — 

T S {RC 


Kc (1 




1 


V, 


•weep 

y 

Putting it in eq. (2b), we get 

<L K s l __ Ke / 

dt l/= T S RC \ 


V, 


1-1 


From eqs. (2a) and (3), we arrive at 

K e 

D 

e speed 


sweep 

v ~ 


...( 3 ) 



swee p 

should be ^large^and svv/p ^° r e r ror to small, supply voltage 

speed error ,f Jess, more lineaFwil^be^he 1 * 1 ^ Sma,h If SWCeP 
form. For an ideal <ov^r, , be tbc swee P or ramp wave- 

sweep speed error is zero LeT.^ ° rm l, SWeep s P ced is constant and 

linear sweep ^veform^^From^q! 6 ^)^ S ° ^ at We haVe a fair,y 

V s —V ct (1-e-tiRc^ 



l-Jl 


RC^~ 21 R^C* 31R*C* + 




Vet 


2=z CC ' 1 , 

RC > neglecting second order terms. 
Thus at t=T s , we have 


...0) 


V 


sweep 


V s 


V ce .T s 


. ,r= T s rc 

so that from eq. (4), we get 

^ sweep Ts 

Vcc RC 

RC (onl- h tenth a of C t a il y . ShOWn that Swee P is a 'most linear for r=01 
then t,me constan ‘)- Suppose s*ee P duration is 0-J RC 


^•vte d 


tl-eci 


o-i rc 

RC 


0 1 
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so that from eq. (4), for sweep amplitude of 1 volt, we shall require 
V u of value 

1 


or 


01 = 

Y cc 

V ec = 1 0 volt. 


Vs 


Transmission error : From eq. (5), output sweep voltage is 

_ Kc T s ( Ts\ 
t— T s RC \ IRC) 

Sweep amplitude for linear sweep is given by 

Vcc T s 


lv ) 

1 v xu<£P I 


( Vs tree p) l i 


RC 


Therefore transmission error is given by 

( f a tree p)lin ^ V'-nee plow l 

( V sweep' l in 


e, r 


CMS 


Vcc Ts 
RC 


V_ C c_ T ± ( 

RC \ 


1 


T 


2RC ) 


Kc T s 
RC 


JTs __ ? a retd 

~2 RC "2 

Therefore, if time constant is high, transmission error will be 
minimum and waveform will be nearly linear. And for a sweep 
to be transmitted through high pass circuit without distortion, a 
very high value of capacitor, C, is needed. 

Displacement error : Refer to fig. 4 (b). The maximum 
deviation from linear waveform occurs at t = T s / 2. So that 

( A Vs'max = ( Y s) t== actual ~( K .s) f=:r/2> linear 


so that 


— V — ( 1 

tc 2/?C\ 

V * ( ]j_ y 


Ts 

ARC 



VccJj 

2 RC 


8 \RC 


'disp 


(A Vs) 


max 


V co (Ts V 

8 \RC 




Vcc 


Ts 

RC 


T s 
8 RC 


etr 


amt. 


Sweep circuits : Now we shall list here the type of the cir- 
cuits used to generate a linear sweep voltage. They are 

(/) Constant current charging methods 

00 A negative feed back technique to minimise the sweep 
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speed error by enhancing supply voltage V ce and the time constant 
RC. (Miller circuit) 


(Hi) A positive feed back technique (Boot strap method) in 
which the error is first detected and then charging current ampli- 
tude is controlled by a suitable positive voltage feedback. 

(*v) Integration of an asymmetrical square wave. 

223. TRANSISTOR CONSTANT CURRENT SWEEP 

GENERATOR : 

We have shown in the last section that a generator, utilising 
a capacitor charging through a resistor, produces a sweep wave- 
form with poor linearity if more than 10 percent of the charge curve 

( t = 0* l RC) is used. And if 10 percent of charge curve is used, 

sweep amplitude is small. These limitations can be overcome if a 
method is used in which the capacitor is charged by a constant 
current because if the current charging the capacitor is held cons- 
tant during .sweep time the voltage across capacitor will rise linearly. 
Thus it will result in linear sweep. 


A circuit using a BNP transistor in common base configuration 
is shown in fig. 9 (o). The transistor is biased to operate in the 
active reg.i n (E—B junction is forward biassed). Let the base be 
biased at + 10V above ground so that C-B junction is reverse 
biased, white E-B junction is forward biased. Let the capacitor 
be fully discharged initially so that collector is at ground potentia 
(Vcc= 0) and Vcb= — 10 V. Further as E-B junction is forwar 
biased, it will conduct and maintain a forward voltage drop ot 
about 01V (silicon) so that V b q=\Q’1V. The emitter current i 

then 



20K-10 7F 

4’7 kSl 


2 mA 


The collector current, lc, at the initial operation point is also 
approximately 2 mA. It will charge the capacitor positively at 
the rate 


lc _ 2mA 

dt ~~C ~~]pF 


2000 Vjs 


(if C= ipE) 



y 


Fig. 9 (a) 
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In 4 milliseconds, it will be charged to a voltage 

=2000 V/sx4ms 

= 2000x 4 x 10 - *= 8 K 

so that net reverse bias is now only — 10K-f-8F= — 2V, i.e., Vcb— 
—2V. Thus reverse bias Vcb goes on decreasing but the collector 
current, /c, is still essentially constant at 2mA and continues to be 
constant upto 5 ms when capacitor has reached a voltage 10F and 
Vcb= 0, (fig. 9b). Thus rise of voltage across the capacitor (due to 
constant charging current, /c, upto Kcb = 0) is linear until it (capa- 
citor voltage) reaches a value equal to the base bias voltage . 



After 4ns 


+ 0-7 / -zv 


Imt/a/ 

operaf/hg 

PO/nt ^ 


— 5V 




-y tie 

ff/oso/ s/or . / 


Fig. 9 ( h ) 

After capacitor voltage has reached base bias voltage, Vcb — 0 
and after this point, Vcb starts going positive, causing the co lector 
current to decrease rapidly. Consequently capacitor will charge 
at a slower rate until .'c becomes zero. When /c reaches zero, 
the capacitor stops charging (steady state). Thus rise of vo'tage 
across C is no more linear after Vcb starts going positive. It 
means if the capacitor is discharged on or before the time it reaches 

\0V, the output sweep voltage V oul ^ = F s | ^ will he linear. That 

is, sweep voltage waveform obtained will be linear. 

Fig. 10, shows a method for discharging the capacitor to 
produce flyback with the help of a transistor switch. The input 
to Qi is normally zero so Q t is OFF, and allows C to be charged 
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linearly by the collector current of O When n ■ , . . 
turns ON and discharges C to OV. When Qt 1S pu,sed * 11 

22 4. UJT SWEEP WAVEFORM : 

sweep waveform." eXP ' ain opcralion and then prodnotion of 

consist's ofan^-type Sr' ‘(fi? I n™^' device -.„ 11 usuall> 

fo'T^I of the' rT n ImitS T^nZt s 

s^rurhil^o^es^d^nir ^ ^ ** 

tance B ?s 7 J en 4 -ff s * ructure is simply a resistor, total resis- 

xv a ( Rb j\ R d ^ where ^°i IS fhe resistance of the portion bet- 
ween £ , and the point, 7 (cathode of PN junction) and /?„„ is the 

°/ the P° nion between B 2 and the point /. Obviously 

point / will be " ?C 3PP be,V ' Cen * and ^ lJ ‘ e " V0lt ^ e at 




Xd 1 + Rbz 


X F/,* 


when 7] is called internal voltage divider ratio and is supplied by 
. a JJ^ ac * Urer# ^ B i * s variable as it changes considerably when 


When we apply a voltage V EE to the cathode then if it is less 



Fig. 11. UJT (a) 

(c) 



(*> ( c) 
Stiucture, ( b ) equivalent circuit, 

electronic symbol 


than V j then, as the diode will remain reverse biased, no emitter 
current, / £ , flows (though current will flow between B y and 
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This is called OFF state of UJT. 
Resistance R is very high in 

this state (fig. 12). 

Turning ON of UJT : When 
emitter voltage is increased to a 
value such that the diode begins 
to turn ON, the emitter current 
will s'art flowing. Such a value 
of V tE is called peak point voltage 
Vp. Any increase in emitter 
voltage, V EE , increases I E and 
when l E reaches a value called 
peak point current, I P> then UJT 



Fig. 12 

its ON state. In ON state a 


switches (atonce, within 1 p,s) to 
drops to a low value. 

Turning OFF of UJT : Once UJT is ON. V EE can be reducec 

below V P and UJT will remain ON but I E will decrease. Wher 

/£ decreases below a value, i y , called valley current, UJT wil 
revert back to its OFF state. 


UJT as Sweep Gener alor : Circuit is shown in fig 1 1 t a ) 
When a s upp| y vo|tag e say 2 0K. is initially applied to the cir- 
cuit, UJT is momentarily OFF because capacitor grounds the emitter 

r u, nu and n ? Cmitter CUrrent flows ‘ Consequently, capacitor 
C, will begin to charge towards 20V through resistor R (fig 13 M 

: * sCch , ar ges towards 20 F, emitter voltage increases and as it 

reaches peak point voltage, V P , UJT turns ON, and the resis ance 


V 6B 20 V 


V, 





L 



J 



Fig. 13. (a). 

**!• decreases appreciably. But such a low r b (about c n . . 

provides a path for the condenser, C, to discharge th ^ } 

charges and its discharge current provides theVmitt ^ ° d ' S " 
needed to hold UJT , ON. The capac.tor mV c ' n c “ rr *. nt 
charge until emitter current, I E . drops below neil/ „ ntinue to dis- 
and then UJT is tuned OFF. In OFF state ■? '- nt current . Ip 
ging towards 20V and ihe whole process is re’peated. 3 '" MartS Char * 
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Fig. 13. ( b ) 

22-5. MILLER INTEGRATOR SWEEP CIRCUIT : 

By using a negative voltage or current feedback, this circuit 
produces a linear sweep voltage. 

A basic sweep circuit is shown in fig M (a). If switch, S, is open, 
voltage across C, will rise to-vards V to give sweep voltage. The 
sweep waveform will not be linear if the charging current is not 
constant. Suppose if the voltage drop across C, be supplied by a volt- 
age source, say, a fictitious variable voltage generator v, (fig- 
then charging current will remain constant at i= V/R, and con- 
sequentlv a linear sweep will be obtained If terminal, Z, is ground- 
ed (ng. 14c) then this linear sweep will appear between point Y and 
ground and will increase in the negative direction. We now re- 
place the fictitious generator by an amplifier with output terminals 
ZZ and input terminals XZ (fig. 1 4d). Since voltage across C is 
supplied by the generator voltage, v, at every instant of time, the 


* X 
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innnt «• to the amplifier is zero. It means X is at ground potential 

<Uke Z) i.e. X behaves as virtual ground and yet with zero mpu , 

we want to obtain a finite output, the gain of the ‘ 

should ideally be infinite (a finite output divided by zero >np“ 

“infinite 'gain) but it is a “ * *££ o such 

an %-AMP in inverting mode be replaced by a capacitor lfi^l ) 
then it becomes an operational integrating amplifier Such tat 
cult (fie 14<?1 is what we have described m (fig. M«)- lne ieeu 
bacVthrough C. forces the terminal If to exist a, JJUJ.1 ground. 
This feedback capacitor, C, appears as (1 +A)C across t P 

terminals (fig. 1 4 / ). We may remember that in Miller effect 



Fig. 14 {t; Fig. 14 (/) 

a capacitance connected between input and output terminals (i.e. 
grid and plate circuit, i.e. C BP ) effectively raises the input capaci- 
tance by a factor (1 + A). Hence such an integrator is called 

Miller integrator or Miller sweep. 

The Miller Sweep : Fig. (14 d) has been redrawn in fig. (14g) 
showing a starting switch S, (note that here this switch is connect- 
ed such that the sweep starts to form when we close it, unlike in 
fig. (14a;l, amplifier input resistance ( Ri ) and a Thevemn’s circuit 
for the base amplifier. We take that the output resistance of the 
base amplifier is negligible. Let A be the open circuit voltage gain 


c 



Fig. 14 (g) 


of the base amplifier. We have further replaced the input 
of fig. (14g) by a Thevenin’s equivalent (fig. iMi) in which 




V 

1 + H/R, 


circuit 




RtR 

Ri+R 



1 __ 1 _ 1 \ 
R'~Ri + R ] 
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that the caoacitnr v «i t*™ ? w,tch » S \ ,s closed at r= 0, we consider 
zero at t = 0 - tage 1S rft r °' ^ Ince the capacitor voltage was 

fore closinp thp ■ . 1 ^ ^ but c * ose to 0 i.e., immediately be- 

bu? c |o°e?o 0 , r ’’ h T be Zero at ' = »* (■"«»>!"* ' > « 

taee acro« , h ; ,m " edlalel J' after closing the switch). The vol- 
tage across the capacitor at r = 0 + is 

. . . L Vi ~ / 4v i = (l —A) v t 

t>ut it should be zero so that 

(1 — A) v t =0 

° r Vi=Avt=v 0 = 0, ...(1) 

i.e. output voltage is zero. 

flows throng ! 7t“ ihaT he Capacitor is ful1 * char * ed an <i "O current 


and v u =Avi=AV' ...(2) 

w,Ji U ,l OUtpUt - V ? Itage ’ ”<>’ waveform is a simple exponential 

iteaHv Ji? C,r ? Ult \ n J, oWes a Singh; capacitor. It will reach a 

adnaU cva ^ e ,^V sta rti ng from zero. The sweep is negative 
going because A, s a negative number. 

Slope error is given by 

€ __ Sweep amplitude Vs 


Vi 


V' 


lope — 


Steady state value 


V s 

\A\V> 

V s l + R/Rt 


. V \A\ 

where as in simple RC circuit (shown in fig. 14a) it is 

Vs 


( 3 ) 


€*love — y~ 


r 

Thus in present case (Miller sweep) deviation from linearity 

-.(«-*)/ A times that of a capacitor charging through R 
directly from a souice, V. 

*h^t T ^r/,Z eep SPeed is given b y *1 c f °r the circuit, where virtual 

h av ‘ .• ‘ ?«*» at the input terminals to the base amplifier, we 

nave < — K//? so that 
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Sweep speed = 


V'/R' 




~R’C- ...(4) 

and it is same as in the case of a capacitor charging through a 
resistance directly from the source. 

The deviation from linearity can also be expressed interms of 
sweep period as follows : 

As gain, A, is negative, we can take the shunting capacitance 

Ci=-C(\-A) 
so that input voitage, v it is 

Vi =V (\-e~ t,Tl ) ...(5) 

where . r, = (l -A) R’C. 


We note that the effective 

input time constant t x . is R C 
multiplied by the voltage gain 
of the amplifier and will nor- 
mally be large. Thus time cons- 
tant get augmented by the feed- 
back and linearity of the sweep 

is improved. 

The output voltage is given 
by 


S R 



Fig. 14<0 


v 0 =Av, (1 

t«=R 0 C 


•/ ' 2J 


•w 


where r a =iv 0 t^ 

as we have already taken f?„, the output resistance of base ampli- 
fier as negligible, r* <3, t x . Thus t/r % is quite large so that we 
can write 

v t 

=AV’ (\—e~ t - Tl , m 

l-( 1--+ 



2t* 


'(h-k) 


... )j 




1 

* \ "'1' 
and at the end of the sweep period 


...(7j 


T i \ 2 r, , 

where T is time at the end of sweep period. The second term it 
g q- (8) represents deviation from linearity. Thus non-linearity i 


e ' *=e °° =0 

so tha* as deduced earlier in eq . (2) 
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within 



x 100 percent. 


as voltage gain, A , is sufficiently high 


in the case ot an operational amplifier, long period sweep voltages 
can be generated. 


To sketch and label the output waveform : Let us take an 
example. Specifications are indicated in the figure (14 j). OP-AMP 





has a maximum voltage gain of —5000, a very large input impe- 
dance, an output voltage limit of ±10K, and the switch is closed 
for 100 ms. We shall also determine the percent deviation from 
linearity. 

From r =( 1 -A) R'C 

zz-AR'C 

^5000 x !0‘x 0-1 X 10"® 

= 5$. (as R'=10KS2, C=0'lfiF) 

From equation (7), we have output voltage for f=100 ms for 
which switch is closed as 


v 0 (01) 


( - 5000) X 5x0 1 


1 



(as r=0-ls) 


5 V ' 2 

500 V. 

But output can reach only — 10F. Therefore time T , in which 

output reaches this value is 

„ AV'TI , T \ 

Vo(T) — ( 2 rj 

AV'T 


or 


or 


10 


5000 x 5 x T 


5 


T=0 002.y (=2 ms). 

This is the sweep deviation. For this sweep deviation, percen 
of deviation from linearity is given by 

T X 100 


2r l 

0 00 2 

2x5 
0 02 %. 


X 100 
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Output waveform is shown in fig. (14 k). Sweep wavefor 
only for duration 2 ms. 


is 



Time Constorrt—54 

Fig. 14(4) 

For vacuum tube Miller circuit refer to chapter on ‘Pulse 
Generation and Scaling Circuits’. 

22 6. BOOT STRAP SWEEP GENERATOR : 

In this type of generator, we use positive feedback for achiev- 
ing linearity in sweep. A general capacitor charging circuit is 
shown in fig 15 (a). Current, /, is given by 

V - r c 


l 


R 


where v ; is voltage across the capacitor, at any time /, after the 
switch is off. This current is not constant due to nonlinearity in v c . 
If V could be replaced by ( V-j-v t ) then the desired charging current 
will become constant at 

. (V+Vc)-Vc _V 
l ~ R R 

It means we have to employ means of positive feedback of 
a voltage cqua 1 to v c . This can be done by amplifying v„ with 
unity gain and introducing the output in series with V A basic 
boot strap circuit employing positive feed back for sweep lineariza- 
tion is shown in fig. (15b). The gain of the OP-AMP is A so that 
at r=0 + , we have 

V - v c 4- Av c 


U 


R 


assuming input impedance of the amplifier to be very large. 

V—(l -A) v c 
= R 

Obviously if A = 1. unity gain, then 


Thus 




i e = £ = constant = 4 


and the output is 




v 0 =Av e 
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"C 

v_ 

RC' * 


Aft 

C 


A_ V 
C • R 


for unity gain 


...( 3 ) 


We note that the input of fig. 15 (b) is lifted by its own output 
or by its boot straps’. 



Fig. 15 (a) 

/P 



Fig. 15(b) 

At any instant of time, voltage, tv, across the capacitor, C, is 
given by 


4i:r 


i c dt 


Differentiating it with respect to t, we get 


- c dt 


dv c (1 — A)v 
dt CR 
solution of which is 


CR 


v. 


« (l-A)[ 


e -(l -A)tlRC 


...( 4 ) 


...( 5 ) 




This shows that time constant is RCj(l — A). Obviou>l},a^ 
A-> 1, time constant tends towards infinite value. Thus positive J 
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ba le with unity gain greatly enhances me time constant and 
improves the sweep lineariiy. 

In practice it is not possible to keep amplifier gain, A, close 
to unity Therefore it is desirable to establish a relation between 
the time duration in which the voltage ramp reaches the sweep 
amplitude, Vs as a function of gain, A. 

We can write, using eq. (6), that 

ks=;T-^r[ l-e-O-O^C] 


or 

Ol 

or 


(1 -A) 

V s (\-A)=V\\-e-^- A ^ PC ] 
V e-l l - A >'l Il c=V-(]~A) V s 

V 

e {\-A)tlRC- 


or 


t 


V-([ 
RC 


A) V 


(1 -A) 




(l-A,V s 


-..( 7 ) 


If we put V 


Vs, than t 
T RC 


T, the sweep duration 
l 

A 


Irg 




(I -A) 

From eq. (3), we can infer that, as A = \, we get linear ramp 
(sweep). The sweep duration, T lin , for linear ramp is 

7 lin = CR 

so that from eq. (8), we arrive at 

Cun 


T 


(1 -A) 


or 


Tun (1 

Which for A= 0‘98 is 

T 


log, ( } 


1_ 

A 


...(9) 


Tun 


I 08. 


From eq. (9), it is clear that the sweep duration is very sensi- 
tive to amplifier gain variation. For better lineraity, amplifier 
gam should be stable and have unity magnitude. 

Boot Strap Generator using Emitter Follower : 

. Circuit is shown in fig 15 (c). In it a transistor with high B 

lL U ,! ed a°, th r l lhe . emitter follower may have a gain close to unity 
required for linearization of sweep J 

c •* r is „ a . d c - source which wiu charge the capacitor once the 

sw.tch s, ts open. Normally switch, !, is closed and resistor R 

controls the current through diode Initially voltage across’ the 
capacitor equals the forward voltage drop across the diode. 

Sweep starts when switch, 5, is opened at t= 0. Diode, D 
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c 





S K 

r + 

V 

I 



r 






Fig. 15 (c) 

through its forward voltage drop, helps in turning ON the transis- 
tor so that any delay in starting the sweep is minimised. Switch 
is opened. v c rises towards steady state value, 

_ V 

v ‘ (form eq. 6 on putting t=oo) 

with charging time constant 


CR 


(I -A) 

As the sweep voltage begins to increase, the amplified sweep 

voltage adds in series with the d.c. voltage, K, to provide the 

boot strap action needed for linearity of the sweep. The output 

voltage, v 09 continues to increase till the transistor saturates at 
time t^T 9weep . 


For vacuum tube bootstrap circuit, refer to chapter on ‘Pulse 
Generation and Scaling Vacuum Tube Circuits’. 

22 7. CURRENT TIME BASE GENERATOR : 

Such generators are used to obtain a current waveform which 
increases linearly with time. They are used in television deflection 

systems where, by employing magnetic deflection, a greater deflec- 
tion sensitivity is achieved. 


Linear sweep voltage, methods which have been described 
in earlier articles, if applied to a resistor will generate a current 
that increases linearly with time. But we shall discuss here a 
method that will cause a linearly time varying current to flow 
through an inductor. 


Behaviour of an Idea! Inductor with Ideal Voltage source : 

Ideal inductor means that its self capaci'ance and resistance, 
are negligible. Ideal voltage source means thbt its source resistance 
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/?s, is zero. If, at time f=0, (fig. 1 6a) a voltage, V s , is 
applied to a coil of inductance, L, in which the current i« initially 
zero, then the current in ideal inductor, i L , is given by 

iL |r>0 = ZT \ Vs dl= L r -d) 

because, V s , being derived from an ideal voltage source, is constant 
We note thet current, i L , will increase linearly with time (fig. 16b). 





Fig. 16 (a) 


Fig. 16 (6) 


Behaviour of Practical Inductor with Practical Voltage Source 

Anda *'!! haVC a se,f ' capacitance and a self refistanci 

2a. ;sr.6 y c'ma, curren ‘’ ,o ■* **»• - « 


Vs— it (Rs+R l )+L 




Fig. 16(c) 


Which can be solved to give an inductor currenVof value 

V s j- 


*L 


t> 0 Rs+R l 


1 


* (Rs+Rl)/L1 


^hich shows a variation depicted in fip nn j- *• 

current rise, exponentially to a steady state r ’ redK ' m ‘ ,ha < 

V s 


...( 2 ) 


*L 


1—0 


Rs+R L 


II 


•••(3) 
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From eo. (3) we can then write 



• 

= *L 



<>0 



\_ e + 


...(4) 


The time constant of the circuit is 

L 


...(5) 


Bs + Rl 

For sweep duration (T$) much less than the time constant, 
current /£, increases linearly with time. Voltage across inductor is 

dir 


V 


L 


»>o 


dr 


d T 


t - j Vs 
dr ! R s + R l 


1 


~L. 


V, 


so that 


V L \,„ 
Vl !,_ 



Rs + R l 

Rs + Rl E 

< (Rs + Rl)/L 


.e 


t ( Rs + Rl)!L j 

— t ( Rs~\~ Rl)I E 


• ••( 6 ) 


(7> 


• * 


oo 


A simple current sweep : A simple current sweep circuit 
biased on basic principle is shown in fig. (16 e?). Tr< nsistor 
acts as a switch as it switches ON or OFF the inductive load. 
As the energy is stored in the inductor w hen a current is flowing 
through it, some means should be provided to dissipate this energy 
when the transistor turns off otherwise it will damage the tran- 
sistor. To pro\ide a path for it, a diode is shunted across the 
inductor. The cathode of the diode is connected to positive 
terminal of the supply while anode is connected to the collector. 

The input waveform has two levels. The lower level keeps 
the transistor cut off while upper level drives the transistor into 
saturation. When the transistor is turned ON, then current it 



*4 

o 



Fig. 16(f) 
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increases* linearly with time. T he diode D does not conduct due to 
reverse bias across it. The sweep terminates at r== 7^, when the 
input signal drives the transistor to cut-off. The stored inductive 
energy (Ei = i Liv) makes the anode positive with respect to cathode 
and the diode conducts. The inductor current then continues to 
flow through the diode, D and resistor R d until it decays to zero. 

This decay is exponential with time constant r = ^ where R d is 

R d 

sum of damping resistance a^d diode forward resistance. 

. If collector saturation resistance, Res , of the transistor and 
resistance associated with inductor, R L , is considered then eq. <3) 
(taking V s =Vcc) can be written as 


<L 


Kc 


(Vl + Rcs' 


1 


( Rl~\- R es) t/L 


' i ir 

(Rl+Rcs) 

1 ’ 

l L 

-¥[* * 

( Rl Res) t 

L 

Kc.t 

“ f r\ v • 

1 


( Rl + Rcs^ i 2 


2 L 


z 


(Ri + Rcs) L/(Rl + Res) 

Jr [ 

A • 

T 


1 \ 


(Rl 4 Res) t 

L 




l T 


.. ( 8 ) 

sing eq. (3) and (5) with V s= V rc . This equation is analo- 
*°" s to eq. (8) Of art. 22-5. The current then dep r,s from a 
linear increase with time just as in case ol voltage sweep For sweep 

period, T s , the non linearity is represented by the term — . To keep 
U smaH TshouJd be large or (R L +R Cs ) shoulo be small or in 
is kenTTmall ,f cn° tagC ( ? L + Rc!t) \ L the t0tal circuit resistance 
inductor current waveform will be maintained y 

EXERCISES 

With reference to voltage sweep generators define ideal voltage ramn 
slope error, differential linearity, and t ansmission error. P ’ 

Describe a fundamental sweep voltage generator. Show that swee D is 
linear if time constant is e bout ten times larger than the sweep duration 
Mnd :lope and transmission error in this case. 

Describe a transistor constant current sweep generator ci-~ .u 
sweep is i near .mil capaeiior voh.ee re ,ch« , va ,“ J ™ 
base bias voltage in a common base configuration 
Desc'.bc , UJT sweep waveform eenera.or. Sketch the oulpu, w , ve . 

,l„0« resisfance (j, Cs) of 


l. 


2 . 


3 . 
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5. 


6 . 


7 , 


Hand 


Show that noniineartiy of 


Discuss a Miller integrator sweep circuit. 

•weep waveform is wl.hip X x 10c where r ,, , ime „ , M end ^ 

sweep period and T is the effective input time constant. 

fZr ZZ” "°“ ri “ ,i0n l! acWcv " i 10 a boolstrap sweep gene- 

Snat'am ofm • fe ' dback wi,h “”>•>’ ‘"banco. the Bm. 

nstant of the circuit. Describe an emitter follower circuit. 

For what purpose current time base generators are put to 7 Describe 
a simple current sweep circuit, with theory indicating clearly the effect 
of associated resistance of the inductor on the linearity of the sweep. 


f 



INTEGRATED CIRCUIT FABRICATION 



For more than half a century, electronic circuits have been 
assembled from individual components. The requirements of a 
good electronic circuit are, compactness, reliability and cost. The 
size of the electronic circuits has been considerably reduced by the 
introduction of transistors in the field of electronics. The size of the 
electronic circuit has been further made compact by the use of prin- 
ted circuits. In printed circuits the inter connections betw:en various 
com ponents are made through thin metal strips formed on an insu- 
atmg sheet. This method brought a certain degree of compactness 
but still there is no increase in rel ability because the active and 
passive components are to be soldered of course connecting wires 
are eliminated. The reliability of the circuit can be increased 
provided the inter connection between active and passive compo- 
nents are eliminated. Actually th ; s is made possible in integrated 
circuits. In integrated circuits, the active and passive components 
are built in the same crystal. An integrated circuit consists of a 
single crystal chip of silicon, typically 5U by 50 mils* in cross sec- 
tion containing both active and passive elements and their inter- 
connections. 

231. INTEGRATED CIRCUIT TECHNOLOGY : 

The basic structure of a integ- 
rated circuit is shown in fig. 1 (b). 

This consists of the following four 
layer of different materials : 

(1) The bottom layer is a 
P-type silicon layer of 0T524 mm 
thickness. This layer serves as a 
body or substrate upon which 
integrated circuit is to be built. 



a resistor, two diodes and 
a transistor. 


A Trans/sfar 



P- type w6 strafe 



A/usti/Hum 
*7e/o//zofjbn 

//CO/7 a/joJade 

Cof/ector 
con /act n * 
n* Emitter 

Col'cctor 


Fig. 1. ( b ) Showing the basic structure. 


*1 ml =o 0254 


linn 
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N-type maTedaTwWchTsriwn 1 ^ ‘ S " ea , rly 0 025 mm ,hick ! * of 

body or substrate Usin^ a 8 numbcr of^ff^ 6 - Crys * al exten sion of the 
and passive components ^ e t S ‘ u° StepS ’ a| l the active 

These components are trans.stors dmdes 0 c?pacitor S h and h ' S 

is necessary to diffuse imnurit e? in ^ , N .' typc . lmpurties Here it 

within this layer The fabrication pre ?'' e,y defined regions 

cated. y tubruation of a transistor is most compli- 

purpose o/thls’laver nror " diode ( ' i0 *> material. The 

Of n ^sec^ndtse 3 ; VheT" in T 

away in (h T E JSf!*™'*' Tlle Si ° a layer,s e,ched 

the siO H Wafbr pr ° tected against diffusion For selective etching 
disced 'rn y ^,er S a n!d=' Cd 2 P l »“ | i.ho g r ap h,c process whichTi 

is addtd layer is a meta,iic layer of aluminium. This 

fabricated n m P Y th< f necessar y inter-connections between different 
nciuficatca components. 

23 2 cmcLTrs GES AN ° LI!y,IrATIONS OF integrated 

Advantages : 
rated circuits : 


Following arc the advantages offered by integ- 



Duc t > th* processing 
cents, the cost is low. 


of large quantities of the compo- 


(ii) 

(iii) 


size is small. 

iey have high reliability because all the omp merits are 

^ricated simultaneously and there are no soldered 
nts. 


(iv) To obtain better fancti nal characteristics, more complex 

integrated circuits may be u<ed and hence the perfor- 
mance is impoved. 

(v) There are no inter-connection errors. 

(vi) Temperature differences between parts of a circuit are 
small. 

(vii) A close matching of components and temperature coeffi- 
cients is po sible because they are fabricated simultane- 
ously by the same processes. 

Limitations : Following are the limitations of the infeerated 
circuits : 

(0 The ind actors can not be integrated direct’y. 

(u) Capacitors and resistors are limited in maximum value. 
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(iii) Resistance and capacitance values are ofien dependent on 
voltage. 

(i v) High grade PNPunit is not possible easily, 

(v) Power dissipation is limited. 

(\\) Low noise and high voltage operation are not easily 
obtained. 

(vii) H'gh frequency response is limited by parasitic capaci- 
tance. 


23 3. 


BASIC MONOLITHIC INTEGRATED CIRCUIT 
TECHNOLOGY : 


The word “monolithic” is derived from Greek monos meaning 
“single” and lithos meaning “stone”. Thus a monolithic circuit 
is fabricated into a single stone i.e. a single crystal. The mono- 
lithic circuit is formed by the fol. owing steps : 

Step 1 Epitaxial growth : An N-type epit xial laver, 
typically > to 25 pm thick, is grown cn a P-type substrate which 
has resistivity approximately 10 ohm-cm. I phaxiul process is one in 
which a thin layer of high resistivity silicon is g-own on a low 
resistivity substrate The iesistivity of N-type epitaxial layer can 
be chosen independently cf that of the substrate. Generally values 
from 0T toO - .'’ ohm-cm. are chosen lor N-type layer. An oxide 
thin layer (0‘5 micron— 5 - 0c0A) of Si0 2 is formed over the entire 
epitaxial layer after f ohshing and cleaning as shown in fig 2. The 
Si0 2 is grown by exposing the epitaxial layer to oxygen atmosphere 
and heating at obout 10UO°C. Si0 2 has the property of preventing 
the diffusion of impuiities through it. 


Silicon Dicsjcfe 




, * t a • 

// - type epS/arla/ layer 


Z 7 type sadsfrafe 


Fig. 2 Epitaxia’ growlh 


Step. 2. Isolation diffusion : By means of a photolithogra- 
phic etching process (discussed in later article), the silicon dioxide 
is removed from four different places from the wafer as shown in 
fig- (3). The remaining Si0 2 serves as mask for the diffusion of 
acceptor impurities (boron, in this case). The wafer is now ready 
for the subjection of isolation diffusion. The P-type impurities are 
diffused to penetrate the N-type epitaxial layer and reach the P- 
type substrate, The diffused regions connect up with underlying 
P-region (the substrate) and foim isolation pockets* in the epitaxial 
layer. In this way we have the N-type shaded regions as shown in 
figur.. These regions or sections are called isolation islands or isolated 
region v. 1 his is due to the fact because they are separated by two 
back to back P-N junctions. The purpose of isolated regions is to 
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at a negative potential with respect to y , pe . su [ )Strate . ,s always held 

acceptor atoms in the region 3nd ^ tbe Conce ntration of 
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region of the reversed biased t0 p / event . the depletion 

extending into P material and° substrate junction from 

islands. 1 and Possibly connecting two isolation 

/so/a/eo' Is/a/xTs 

/ I 
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c isolation Diffusion. 

3. Base diffusion : In the ha** • 

new layer of oxide ic*™^ ine base dlff usion process, a 

Pbpjo, ^ograph.c pro^ss newTptp^Ta^If a S 
openings. In this way ' tran sister ^ba^er^ * f6 dlffused thr °ugh these 

does not pe ile t r ate t o' * lfe^su bs tra te c ° n 1 r ° e d in such a way that it 


rf > es/s/or- 


Jnx/e of 

A/C&3 






\p+ 


Fig 4. Base diffusion pro-css. 

otep. 4. Emitter diffusion : Acain a «#■ * r j 

over the entire cnrf^P o i • ^ n a j aycr of oxide is formed 

window are open p l, yp > r ^^ r n f a a s n s d ho e, v c n h '7 n PSOc^s some 

(P hos P horou s) are diffused through these open- 
for diodes and'TuncJ’Hn 0 ' tranS ‘ Stor emitters > the cathode regmns 

be connecte^usin 0 0f “ 103(16 lnto u N .regions to which a lead is to 
ne connected using aluminium aslhe interconnecting metal. In the 



Fig, 5. Emitter diffusion* 
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phosphorous diffusion a heavy concentration (called N + ) is formed 
at the points where contact with aluminium is to be made. 

Step. 5. Aluminium metalization : Using above mentioned 
steps, all P N junctions and resistors have been formed. Now 
the only problem is to interconnect the various components of the 
integrated circuit as desired. To mrke these connections, the diffu- 
sion windows are closed with silicon dioxide layer and a fourth set 
of windows is opened at the points where contacts are to be 
made. This is shown in fig. (6). Now first of all the interconnec- 
tions are made using a vacuum deposition of a thin even coating 
of aluminium over the entire wafer and then photoresist technique 
is used to etch away all undesired aluminium areas. In this way 
the desired interconnections are made as shown in fig. (6). 



t/pe Mt&no/e 


Fig. 6. Aluminium metallisation 

23 4. BASIC PROCESSES USED IN MONOLITHIC 
TECHNOLOGY : 

The aim of this article is to discuss the different processes used 
in monolithic technology. Here we shall discuss these processes 
one by one. 

(1) Epitaxial growth : The word epitaxial growth is derived 
from greek ‘ epi” means upon and “teinein” means arrange. Epi- 
taxial growth is a process or chemical reaction to form a thin film 
of a single crystal (nionocrystalline) silicon (from a gaseous solu- 
tion or vapour phase) with certain conduction properties on the 
surface of another silicon wafer or slice. The epitaxial laver may 
be either P-type or N-tvpe. The basic chemical reaction used to 
describe the eptax'al growth of pure silicon is the hydrogen redu- 
ction of tetrachloride : 

120G°C 

SiCl* + 2H, ^ Si -f 4HC1. 

As the epitaxial film of specific impurity concentrations is req- 
uired and hence it is necessary to introduce impurities such as phos- 
phine (PH S ) for N type doping or biborane (B 2 H„) for P type 
doping into silicon tetrachloride. Hydrogen is bubbled through the 
volatile silicon c ompound, causing it to vaporize. 

Fig. (7) shows the diagrammatic representation of a system 
tor production growth of silicon epitaxial layers. The apparatus 
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Fig 7. Apparatus used for epitaxial growth 

™°d nS o1re^eUTfr, C /uc,io r n c a Ji| q T= ,T* Whic ? » 

r'e ac uo g n U c^h-i mbe ^ V b ^ ™ s " bolt is "in s^' , n° the 

ch rX-r a con f ° W At the input of reaction 

gases required fir thf ° e Pj' rn,lts ^e introduction of various 
con andln lt ' n ! growth of appropriate epitaxial layers. Sili- 

of the orovw ‘ ‘ . /'rTV^ va P our s ^ ,c * about on the surface 

th° lattice 'and hF' i a la * u ‘} t ! * the y find a correct position in 
interatomic forces. 0 ™ 65 faStened mto the growing structure by 

T be i[ 1 "' portdn ^ f eatu res of the epitaxial process are as follows : 

crystal falcon ™ m »h° f " C ^ ly grOWn ,ayer are arra iged in single- 
structure of the th i C Sing e crystal substrate. Moreover, the lattice 

subSa e 0 r f v ^, n 7 ly grown l a V er is an exact extension of the 
substrate crystal structure as shown in fig. 8). 



F 'g. 8. single crystal silicon substrate. 
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(ii) The impurity concentration is epitaxial layer may be con- 
trolled within wide limits and complex impurity profiles may be 

grown. 

(2) Masking and Etching : In monolithic technique a selective 
removal ot Si0 2 to form openings through which impurities may 
be diffused is required. For this purpose photoliihography is used. 
This process is shown in fig. (9). The following steps are followed: 


Pfio/oresssf 

t//frawb/ ef/./iabt D . . 

° . . nj/y/ver/zet? 

i wsA /tyo/vres/sf 


&O e 








m -. b 



(a) 


( 6 ) 


(C) 


(a) Masking and exposure ( b ) Photoresist (c) After etching 
to ultraviolet radia- after deve~ 

tion. loperrent. 


Fig. 9. 

(i) The wafer is coated with a film of photosensitive emulsion 
(such as kodak photoresist KPR). 

(iii) A large black and white layout of the desired pattern of 
openings is made and then reduced photographically. This mask 
(negative or stencil of required dimensions) is placed over the 
photoresist as shown in fig. (9a). Now the photoresist is exposed 
to ultraviolet light through the mask. Due to ultraviolet light, the 
photoresist becomes polymerized under transparent regions of the 
mask. 


(iii) The mask is removed and the wafer is developed by using 
a chemical like trichloroethvlene. The chemical dissolves the 
unexposed or unpolymerized portion of KPR and leaves the sur- 
face pattern as shown in fig. (9b). 

(iv) The unremoved emulsion is now fixed and becomes resis- 
tant to the corrosive etches used rext. 

(v) The chip is immersed in etching solution of hydro-fluoric 
acid. This removes SiO> from the area through which diffusion 
has to occur. Here it should be noted that the portions of Si0 2 
which are protected by photoresist are not affected by the acid 

. ( v >) After diffusion of impurities, the KPR mask is removed 

with a chemical solvent like hot H 2 S0 4 and by means of a chemi- 
cal abrasion nr^ ess. 

(3) Diffusion of impurities : The diffusion of impurities into 
the silicon chip is the most important process used in the fabrication 
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necessary tccbn( I ues : In the fabr cation process it is 

separated eleotrP-nn so !?® mea ^ s b > wmch ihe co npon nts may be 
silicon is low whi^'h d bls . ,s due to f he tact that the resistivity of 
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N-type epitaxial layer grown 
over substrate is oxidized. 
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( b ) Windows are opened on oxide 
by photoresist process. 
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(J) Tae surface is again reo>id/sed 


P-type diffusion taking place 
through windows to join up 
with P-type substrate. 

Fig. 10. Electrical isolat ; on of integrated circuit elements 

by P-N junction. 
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integrated circuit elements by P-N junction. In this process, first 
of all, N-type epitaxial layer is grown on a P type substrate slice 
of silicon and the surface of the epitaxial layer is oxidized as 
shown in fig (10a). Now the oxide is selectively removed from the 
regions where the elements are to be formed as shown in fig. (1^0* 
After this the P type diffusion is carried in such a way as to join 
up with P-type substrate as shown in fig. (10 c). Finally the sur- 
face is reoxidized. In this way all the N-regions are separated 
from the substrate by a P-N junction When final integrated circuit 
is operated, each P-N junction is reversed biased by connecting the 
P-type substrate to a potential more negative than any part of the 
circuit Each junction offers a very high resistance which isolates 
the element formed in N-type region. 

The second isolation technique is oxide isolation. In oxide 
isolation, a layer of silicon oxide is formed around eac t element 
of the integrated circuit. Fig. (11) shows the oxide isolation. In 
this process, a slice of N-type single crystal silicon is taken and 
deep grooves are etched in the surface at proper places where ele- 
ments are to be formed as shown in fig. (11a). Now the whole sur- 
face is oxidized to form a continuous layer of silicon oxide as 
shown in fig. (1 1 b). After this a uniform layer of polycrystalline 
silicon is deposited on the top of the oxide in an epitaxial reactor as 
shown in fig (11c). Finally the slice is inverted and original silicon 
is lapped down so that only the regions between the channels are 
left. Then the N-type areas ar: completely surrounded by layer 
of oxide. The devices can now be diffused into these isolated 
regions. 




//////////////I. 


S/Zicos? ox/a/e 


wmi/m 
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(a) Channels are etched at 
proper places. 


( b ) The surface is oxidized. 
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(c) Polycrystalline epitaxial 
layer is deposited on the 
top of the oxide. 



(d) Slice is inverted and lapped 
down. 


Fig. 11. Showing the electrical isolation by a layer of silicon oxide. 
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2>5. MONOLITHIC INTEGRATED COMPONENTS : 

Integrated resistors : A resistor can be formed in a silicon 
wafer bv diffusing a suitable impurity into a defired region. The 
v al ue of the resistor so formed depends upon (i) the concentration 
of impurity, (ii) the dimensions of the region at the surface, and 
(in) the depth to which the impurity is diffused in. In the fabrica- 
tion of integrated resistors, P-type base diffusion is most commonly 
used, although N type emitter diffusion may also be employed. 
Most resistors in integra'ed circuits are formed at the same time as 
the P-tvpe transistor base region. The diffusion layers are extre- 
rnely thin so that it is more convenient to express the resistivity of 

the layer in terms of what is called as sheet resistance Rs of the 
layer. 

Sheet resistance : Consider the case of a sheet of resistive 
material, resistivity O), of length L and width w equal in length as 
shown in fig. () /). As shown in fig. (12), the resistance of this 

conductor in ohm square for the direction of 
current flow is given by 

Xs-?=- f - 

Ey y (h 

where y is the thickness. 

Equation (1) shows shat Rs is indepen- 
e ut of ihe size of the square and depends 
only °n the resistivity of the material and 
e thickness of the layer. In order to design 
a resistor of 100 ohms from a material of 
ohrns/square, we merely put 10 

squares in succession and make contact to 
the ends. 


I*-” 



I 





rf ?iic?7o/70/ 


l J/€& 

/1=jLy 

Fig. 1?. Sheet of 
resistive material. 


The construction of base diffused 
resistor is shown in fig. (13a). Figure 
(1 3A) gives the top view of the same. 
Ihe total resistance is given by 

R = — = R S 

y iv ...( 2 ) 

where L and vv represent length and 
width of diffused area respectively. 
Consider a base diffused resistor strip 
2 mils wide and 10 mils long. The 
strip contains 20 (one mil by one mil) 

square and its resistance is 

R s x 20 * 200 x 20 « 4000 ft . 

Corrections for the end contacts are 
usually included in calculation of R 
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Fig. 


13(a) Cross secti na! view 
( b ) Top view 
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Values of monolithic resistors : Since the sheet resistance ot 
the base emitter diffusions is fixed, hence only variables available 
# in the design of diffused resistors are : (i) the strip length L and 
(ii) the strip width w. Strip widths of less than one mil is not nor- 
mally used because with w=l mil a line width variation of OT mil 
due to mask drawing error or due to mask alignment or due to 
photographic resolution error may result in 10% resistance toler- 
ance error. In practice monolithic base diffusion resistors have 
values from 20 Q to 30 KQ when high values of resistance are 
required, an alternative to increasing the strip length *s to reduce 
the P type thickness and effective concentration by diffusion into it 
' f an N-type region at the same time as the transistor emitter diffu- 
sion. This method is however more difficult to conirol than incre- 
asing the length of the strip. 

Equivalent circuit : Fig. (14) shows the equivalent circuit of 
a diffused resistor. I his circuit includes (i) parasitic capacitance 
C : of base isolation junction, (ii) parasitic capacitance C 2 of isola- 
tion substrate junction and fiii) a parasitic P-N-P transistor, with 
P-type substrate acting as collector, N-type isolation region acting 
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order to 
keep the 


F ; g. 14. Equivalent circuit of diffused resistor. 

as base and P-type resis’or material acting as emitter. In 
maintain the parasitic transistor cut-off, it is essential to 
emitter reversed biased. This is achieved by placing a II the resistors 
in same N-type isolation region and connecting this isolation 
region to most positive voltage present in the circuit. 

Integrated capacitors : For monolithic integrated circuits, the 
capacitors are formed either by a junction technique or by a thin 
film technique. A junction capacitor uses the capacitance of 
reversed biased P-N junction which can be formed at the same time 
as the emitter junction or the collector junction of the transistor. 
The two techniques are discussed below : 

Junction capacitors - Fig (l5)shovVs a junction monolithic 
capacitor. In fig. (15 a) a cross s:ctiona) view is shown while in 
hg. (15 b) its equivalent circuit is shown. The capacitor is formed 
by a reversed biased junction J l between the epitaxial N-type layer 
and the P-type diffusion area. Here one more junction J 2 exists 
between N-type epitaxial layer and P-type substrate which is asso- 
ciated with a parasitic capacitance C 2 . In the equivalent circuit C x 
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Svds fra/e 


(a) Cross-sectional view (b) Equivalent circuit. 

Junction monolithic capacitor . 

orms the desired capacitor which is made as large as possible 

fu* Ve * T ° ^ 2 ‘ ^ le va * ue ^his capacitjr C x depends upon (i) area 
of the junction and ( 11 ) imourity concentration. The junctional 
apacitancL is given by A!W S where A is the area of junction and 
is the total space charge width of the junction. In figure, R 
represents the resistance of P-type diffusion layer Here two things 

tf rcrnem ^ ?rec ^ 1 c " (0 to minimise the parasitic capacitance 
J l yP c substrate should be at most negative potential and 
(n) he function J 2 should be reversed biased so that capacitor C 2 
may be isolated from the rest of the circuit. 


Thin film MOS (metal oxide semiconductor) capacitors - Fig. (16) 
s ows the MOS capacitor. In figure (16 n), the cross sectional 
view is shown while in fig. (16 b ). the equivalent circuit is shown, 
basically a MOS is a parallel plate capacitor with Si0 2 as the 
dielectric. An N + region is diffused into the silicon at the same 
time as the transistor emitter diffusion to form the bottom electrode 
of the capac tor. The controlled thickness of silicon oxide is 
formed on this surface of this region to give the dielectric. The 
top electrode consists of a layer of metal (aluminium) deposited at 
the same lime as the interconnection pattern. For oxide thickness 

of 500A. the capacitance is typically 0*3 PF/mil 2 and varies inver- 
sely with oxide thickness. 



(a) Cross-sectional view. (b) Equivalent circuit 

Fig. 16. MOS capacitor. 

23 6 TRANSISTORS OF MONOLITHIC INTEGRATED 

CIRCUITS : 

Trar.sistois of monohthic integrated circuits are formed in the 
epitaxial layer by successive diffusions. First of all an epitaxial 
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layer (N-type) is formed on the substrate (P-type) and then it is 
covered by an oxide layer about 1 micron thick The oxide layer is 
then coated by a photosensitive material and exposed to light 
through a mask The regions where the photosensitive material 
is exposed -harden on developing while regions not exposed are 
comparatively soft. When this surface is exposed to hydroflouric 
acid, the oxide layer not protected by the hardened photoresist, 
gets dissolved forming windows in the protective oxide layer The 
crystal is now exposed to a third group impurity at high tempera- 
ture. The epitaxial layer is now divided into a number of islands. 
The N-type epitaxial islands are isolated from one another by two 
reversed biased junctions NP-PN. Transistors are now formed in 
the islands by repeated diffusion. One island is masked and boron 
is diffused in to form the P-type base region. The impurity extends 
to about 10 microns having about 10 microns th ck N layer below, 

which functions as the collector After base diffusion, the crystal 
is masked again and phosphorous is diffused in to form the high 
concentration N 4 " type emitter region At the same time, another 
N + region is diffused into N-type collector region so that a low 
resistance contact to the collector region can be made. Monolithic 
planer epitaxial NPN transistor is shown in fig (17) Since the 
anode of the isolation diode covers the back of the entire wafer, it 
is necessary to make the collector contact on the top as shown in 
fig. (17). The isolation diode of this transistor has three undesirable 
effects. They are (i) it produces a parasitic shunt capacitance to the 
collector, (ii) it provides a leakage current path and < iii) the collec- 
tor contact at the top increases the length of the collector current 
path and hence increases the collector resistance. All these undesi- 
rable effects are absent in discrete planar expitaxial transistor. The 
discrete planar epitaxial transistor is shown in fig. (13). In this 
transistor collector contact is made at the bottom of the N + substrate. 
Here it should be remembered that although discrete ep : taxial tran- 
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Fig 17. Monolithic integrated 
circuit NPN transistor. 
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Fig. 18. Discrete epitaxial 

transistor. 


sistor is superior to monolithic epitaxial transistor but there are so 
many other superiority of monolithic epitaxial transistor over discrete 
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Fip. 19. Transistor with buried layer 

MONOLITHIC DIODES : 

Mri,r!l!! L ? r f' d circuit diodes are formed by making use of the basic 
st^nrlnrL mtegrated N-P-N transistor. Although five different 
widely uscd re poss ‘ b ' e but *be following three configurations are 

(i) Using the emitter base diode with collector short circuited 
to base as shown in fig. (20 a). 

Using the emitter-base diode with collector open as shown 
m fig. (20 b). 

Using the collector base diode with emitter open (or not 
fabricated a: all) as shown in fig. (20 c). 


(b) 


(iii) 





<aj 

Fig. 20. (a) Emitter-base diode with collector short circuited to base. 

(b) Emitter-base diede with collector open. 

(c) Collector-base diode with emitter open. 

K A. i A 1 j 1 ^ . requirement, any configuration 

out of the three may be fabricated. 

In configuration x0 (a), the collector and base regions are con- 
nected together. Here no charge can be stored in the collector base 
region There is a Urge stray capacitance from anode to substrate. 
Since base-emitter junction is used, the breakdown voltage is low. 
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Yhe configuration 20 ( b ) has a low breakdown voltage due to 
low resistivity required for the emitter of the transistor. The leakage 
current path Rb-e and junction capacitance Cb~f are that of the 
base emitter junction alone. The voltage drop in the forward direc- 
tion is mostly caused by the series resistance in the base region. 

The configuration 20 (c) provides high breakdown voltage and 
low leakage current of the base-collector junction. The high resis- 
tivity of the collector region and the additional charge stored in 
the floating base emitter junction increase the switching lime consi- 
derably. It is possible to omit the emitter diffusion, thus saving 
space. 

EXERCISES AND PROBLEMS 

1. What are the advantages of iniegraied circuits over conventional cir- 
cuits ? What are their drawbacks ? 

2. List the different steps involved in fabricating a monolithic integra- 
ted circuit. 

3. Name and explain different processes involved in the fabrication of 

monolithic integrated circuits. 

4. (a) Describe a photoetching process. 

yo) How many masks are required to complete an IC ? I »'st the 
function performed by each mask. 

5. Explain how isolation between components is obtained in an IC 

6. Define sheet resistance. What is order of magnitude of this resistance 
for th^ base region and for the emitter region ? Sketch the cross sec- 
tion of an IC resistor. 

7. Sketch the cross-section of a junct, on capacitor. Draw equivalent 
circuit showing all parasitic elements. 

8. Sketch the equivalent circuit of a base-diffused resistor, showing all 

parasitic elements What must be done externally to minimise the 
effect of parasitic elements ? 

9. Hom will you fabricate an NPN transistor ? 

10. Draw different Integrated diode configurations. Which configuration 
is having (i) highest junction capacitance, (ii) highest parasitic effect, 

(iii) highest leakage current and (iv) highest storage time t 

Select correct answers of the following questions : 

11. In a monolithic integrated circuit — 

(а) All circuit elements are formed in a single wafer of semiconduc 
tor material. 

(б) Each circuit element is fabricated as a separate wafer 
(c) Active circuit elements are assembled as separate wafers. 

[Aos (a)). 
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13 . 



Photomasking : 


(a) Controls the depth of diffusion. 

(b) Is used in process to remove selected regions of silicon oxide. 

(c) Reduces the size of the circuit elements. [Ans. (6)]. 

Transistors of monolithic integrated circuits : 

(a) Use the isolation junction as the collector junction. 

(■ b ) Are made as separate wafer. 

(c) Are similar to discrete planar transistors, but have the collectot 
contact on the top surface. [Ans. (c)J. 


Capacitors for integrated circuits : 

(a) Can be made using silicon oxide as the dielectric. 

(b) Are not possible. 

(e) Can not be made using diffusion techniques. [Ans. (a)] 
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LINEAR INTEGRATED CIRCUITS : 
OPERATIONAL AMPLIFIER (OP-AMP) 


' Basically operational amplifier consis's of a very high gain d c. 
amplifier with feedback, having high input impedance, a low out- 
put impedance, and acting as a differential amplifier Operational 
amplifier, originally used to perform mathe matical functions such 
as addition, integration v .djfferentiation etc. in analogue computers 
are now put to a variety of othETTises, eg., as comparator, pulse 
generator, square wave generator, Schmitt trigger etc. ; 

These days operational amplifier uses integrated circuit tech- 
nology and is referred to as basic linear or analogue integrated 
circuit. IC OP-AMP are widely used as they possess all the me its 
of monolithic integrated circuits, e g., small size low cost, high 
reliability, low offset voltage and current, and temperature track- 
ing properties. 


241. BASIC CONCEPTS : 

As stated earlier, OP-AMP is basically a difference amplifier 
whose basic function is to amplify the difference between two in- 
put signals. The advantage of using differential amplifier in OP- 
AMP is its rejection capability of unwanted_iignals. 

Ideal Operational Amplifier : The ideal operational amplifier 
is shown in fig. (1 a) and its low frequency equivalent in fig. (1 b). 
A signal appearing at the negative terminal (1) is inverted at the 
output and is called inverting terminal while a signal at the positive 
terminal (2) appears at the output without any change in sign and 
is called non-inverting terminal In general, the output voltage is 
directly porportional to the input voltage which is difference of V 1 
and V 2 i.e. V t — V. 2 —V 1 . (— A ) is the voltage gain of the amplifier. 

Ideal OP-AMP has the following characteristics : 

(i) Infinite input impedance 

Z ( = CQ 

Zero output impedance 


ture. 


(ii) 

(iii) 

(iv) 

(v) 

(vi) 


Z 0 = 0 

Infinite voltage gain, 

A= — oo 

Infinite bandwidth, BW— 

Perfect balance, F 0 =0 when V 2 =V 1 
Zero drift, i.e , characteristics do not drift with tempera- 



954 


Hand Book of Electronics 



Fig. 1 (a) 1 — Inverting fermiral. 

2- -Non inverting terminal. 

Kj— Input voltage ( = V 9 — V x ) 

A — Voltage gain under load conditions. 



-AAAAA A 




O a ' v i 
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o 
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f "‘g- > {'>) Low frequency equivalent circuit of OP-AMP. 

A' — Open circuit voltage gain. 

Basic Inverting OP-AMP : 

Circuit diagram of basic inverting OP-AMP is shown in fig. 2 ,o) 

• m.d its equivalent is shown in fig. 2 ( b ). In this mode of 

operat'pn, the positive input terminal of the amplifier is grounded 
anu tne input signal is applied to the negative input terminal 


*7 



Fig. 2 (a) 1 — Inverting terminal. 

> — Non-inverting terminal. 
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1 z, 

AAAAAA 


1-7=1 
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f 


10 


1=0 




0 




Fig. 2 ( b ) Equivalent circuit ; Concept of virtual ground in OP AMP. 


Virtual ground exists at G. 

through impedance, Z v The feedback applied through the impe- 
dance^ , from the output to input terminal is negat.ve. Feedback 
impedance, Z 2 and input impedance, Z . determine the inverting 
operation of the amplifier as we shall infer from eq (2). 


As OP-AMP is considered as ideal, it wil! have infinite voltage 
gain, A . But 



Therefore wi.h finite value of V 0 , the output voltage, gain A can be 
infinite only if input voltage, V i% is zero. The negative feedback 
from output to input through Z 2 serves to keep the voltage V iy at 
zero. Thus terminal, 1, will be at the potential of terminal, 2. As 
terminal 2 is grounded, terminal, 1, is thus virtually grounded, and 
no current (/' = 0 * flow's from input terminal, 1 to input terminal 
2. Current 1 flowing through Z x will also flow through Z ? (since 
input impedance of an ideal OP-AMP is infinite, Z* = co). Thus 


Current through Z x = 



Current through Z 2 = 
so that 






V._Vi V s 

Z, Z x 




so that 



^ - 


. g in above equation we get 

IS 


-er foh 

> i»e.y 77*1- 




...( 1 ) 
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or 


v 0 

1 1 

» N I~ 

+ 

^1- 

or 


K 

z, 

____ _ V. 



Vs' 

Z, 

where 

11 

1 

= Af is called closed 



Vs 

Zi 


1 


1 + 


A 



loop amplification (with feedback^ 

while A is called open loop amplification (without feedback). 

Let us approximate the values of the two terms on right hand 

side of above equation (I). V 0 is typically 10V max mum, A is 

atleast 10*, Z 2 and Z 1 are often in megaohm range (never less 
than 10 K Q). Thus 


first term = 





= —2 x 10~ 7 


second term=— ^ - 1 0 x 10~ 3 

We can then neglect first term in comparison to second term 
in eq. (1) to write 


or 



and is true so far as gain A is high enough. 



V 

Here 77- is referred to as the closed loop gain of (he inverting 
y s 

amplifier . It is a negative quantity because closed loop amplifier 
reverses the sign of input voltage, i.e. output is out of phase with 
input. It clearly depends on the ratio of feedback impedance, Z 2 
and input impedance, Z,. 


Input impedance : Since V 1 = 0 due to feedback, we have 



Which predicts that input impedance of the amplifier depends 
only on the external impedance Z x . 

Output impedance : It is defined as the impedance seen at the 
output of the amplifier when the input termiual is set equal to zero. 
For ideal OP AMP it is zero. 

Thus we have observed that in inverting OP-AMP circuits : 

(/) Current into each input terminal of the amplifier is zero , 

(//) potential difference between input terminals is zero. 

(id) a virtual short circuit exists at input terminals . 
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Practical inverting OP-AMP : Let us consider an amplifier 
which does not satisfy the above conditions of A—<x>, Z t = oo and 
z o = 0 of ideal OP-AMP. Let us take that 

A^fi co, Zi^toc and Z 0 fi 0. 

Small signal model of practical inverting OP-AMP is shown in 
hg. 3. Using Miller's theorem, effect of feedback impedance, Z 2 . 
on the input and output of the amplifier is accounted by replacing 

Zjj Z.,A 

(T 

across the output. 


it by two impedances, viz. ■ across the input and , 

-A) r (A- 1) 


AAMA 


"s© 




(t-A) 



Fig. 3. A' is open ci cuit (or unloaded) voltage gain. 

Z, is not shown as it has been accounted. 

We can show that for such a circuit 


and 

If Z„= 0, i.e 
tion gives that A' 

ec l- f2), we have 


£ 
Vs 


-ZJZ, 


. . z 2 z 

1 + z>z 

Vo A'+Z„/Z t 




1 


Vi 1 4- Z 0 /Z 2 

loading is effectively removed, 
= A. If I A' I ->co then I .4 I -■ 



then above rela- 
co so that from 


V_o_ = Z, 

^ s Zi 

which is same as eq. (2). Thus for high gun OP-AMP output 
voltage is 


0 


-(!) 


C , lea . rly shows that output is dependent on ratio Z 2 /Z,. Thus 

precision ^P edance Z * and impedance Z t determine the 

precision of the operation to which this amplifier is put. 

o„tn^ raCtical ^ oninvertin g OP-AMP : In noninverting OP-AMP 

emitter fr»n qUa t0 , and ! n P hase Wlth the input voltage. Like an 
ted'fl fo ' lower > here the source and the load are effectively isoia- 

, i*e. 9 oo and Z 0 =0. As input impedance Z = oo, no current 
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flows into either input terminals of the OP-AMP. That' is / X =G 

and / 2 = 0. The circuit diagram is shown in fig. 4. The input signal, 

f is applied directly to the non-inverting terminal 2, so no phase 

inversion results at the output. Some of the output is fedback to 

the inverting input providing effectively some voltage, V i9 at the 

inverting terminal o) tne same polarity as at the noninverting in- 
put. 


W/vWM 



t ig 4. Non inverting OP-AMP Feedback impedance 

Z 2 =R 2 and input impedance Z i = R l . Output 
vo’tage fo lows input voltage V Q ^V S and 0. 

With Z ? =-co, — co and V Q = A(V l —V±) we conclude that 

for finite V Q (while A is infinity), 

V i — • V 5 =0 or V x = Vs 

Thus like to the case of inverting amplifier, here again input vol- 
tage Vi (~Vi - Vs) is zero but since V X y£0, noninverting OP-AMP 
has no virtual ground at either one of its input terminals. As the 
current into the input terminal, /i=0 f we conclude that current, /, 
through R { will also How through /? 2 , we have from fig. 4 that 



or VsssR ' 

Vo Ro+R,___. R* 

V s ~ R t + /?i •••(4) 

Thus we find that output is dependent on the ratio (R 2 /B L ). 
If 7^=00, then V Q =Vs ie. output voltage follows the input voltage, 
i.e. y OP-AMP circuit acts as a voltage follower. We have thus 
observed that in noninverting OP-AMP circuits : 

(i) No current flows into either input terminals. 

07) The voltages at the two input terminals to the amplifier 
are equal (V 1 =V s ) t and 
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(Hi) Since V t = V s , the amplifier ii said to be operating with 

some common mode roll age at iis input terminals because some 

voltage is common to both urn iiwls. Thus there is effectively no 

voltage drop at the input terminals as V , follows P s . It 'implies that 
effectively an open circuit results between input terminals. 

24 2. DIFFERENTIAL AMPLIFIER : 

In fig, (5 a) circuit of a differential amplifier is shown. This 


/ft 



Fig. 5 v u ) 

amplifier provides ihe gain for differential input (K,— y,) and 

rejects the input voltage cemmun io both. I he voltage e 2 , at the 

nontnvening terminal, 2, remembering that input current to the 
ideal amplifier is zero, is given by 



Here R 2 / is termed as the transfer function HA) of the 

network involving if and R„ at the terminal 2. Similarly by the 
nal° 1 C of superposition, the voltage at the in verting input termi- 


K + f_Jk_W 

1 \Rff-RJ 1 ' [if + Rj °’ 


since the input current to the ideal amplifier is zero. 

for the potential difference between tw > inputs terminals is 
reed to zero by the feedback through R 2 , we haze e, = e 2 ; that is, 

Rn 








\ ^ 1+^2 


\ 


or 


U.-rk ) Ka 


R.,V+RxV 0 =Rff., 
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rlnnnl l u 1 fferential input. Thus output is directly propor- 

In ' !U he dlfferenc . e ’ v *• between two input voltages V, and V t . 
in this case we note that : 

this circuit and n ° V ’ rtUa * § rounc l at the input to the amplifier in 


amnlVfii the feedback ,n the circuit forces e, to equal e 2 , i.e., 

near zero volts 

between the mpuf term inafs. Thus if i?* = 1C0AT ohm, R^lOK 

ohm, F 2 = + 3 .| vo|ts and Fi== + 3 . 0 voIt$ , then 

100 x 10 s 


V. 


lOx 10 3 


X (3 - 1 - 3) = T0 volt. 


There are three modes of operation of differential amplifier : 

(1) Single ended mode : The operation in which either V x or 

r °’ 1S C , a cd , single ended mode of operation. If K, = 0, 

rl I rent,al am Phfier operates in noninverting mode and if 

* then it operates in inverting mode. 

(2) Differential mode : In this mode, the two input signals 
are equal but of opposite polarity at every instant of time. 

. (3) Common mode : In this mode, the input signals are identi- 
cal both in amplitude and phase at every instant of time, Le. % 

1 , so taat from eq. (I), V d = 0 giving K o =-0. Thus common 
mode input signals produce no output voltage. 


Emitter Coupled Differential Amplifier : Fig. (5b) shows the 
basic form of differential amplifier. It consists of a pair of identi- 
cal transistors Q t and Q 2 connected to a common emitter resistor 
(the tail). The current through this common resistor is called as 
the tail current, f T . There are two inputs and V z and output 
r 0 is the voltage between the two collectors. 



Fig. 5 ( b ). Basic form of a differential amplifier. 


i 
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d.c. analysis of a differential amplifier ■: The d.c. equivalent 

of fig. 5 (6) is shown in fig. 5 (c). The differential amplifier uses 
emitter bias The fop of the emitter resistor is an approximate 
ground point so that full supply voltage Tee appears across Re- 

Therefore d.c. tail current is 

/r=~ 

T Re 

Total current divides equally between two transistor* as they 
are identical. That is d.c. emitter current in each transistor is halt 

the totar current, 

fdc 

Further to a close approximation /c = /e- In fig. 5 (c) d c. 

voltage from the collector of Q\ to ground is equal to 

Vci=Vcc — IcRc 

where IcRc is the drop across collector resistor. Simi lari' 

Vc-i — Vcc — IcRc 

so that 

V 0 =V Cl -Vc 2 =0 

That is d c. output voltaje is zero. 



Fig. 5 (c). 

a.c. analysis of differential amplifier -.Refer to fig. 6 (a). When 

the two halves of differential amplifier are identical, output vol- 
tage is zero. If V x > V 3 more collector current will flow through 
the transistor Q L so that polarity of V 0 will be negative at Q x . 
Fig. 6 (6) is the equivalent circuit for differential amplifier. 

To get a.c. equivalent circuit, visualize all d c. sources to 
6 (6) reduced to zero. This is equivalent to a.c. grounding 
Vcc supply point and opening the I T current source. Since two 
a.c. sources drive the differential amplifier, we have to use super- 
position theorem to obtain output voltage. That is, first we shall 
consider that V x is active and V 2 is off, and then V x is off and V 2 


fig- 

the 


A 
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Fig . 6 (a) 



Fig. 6. (b) 

actslike a t0 fig ‘ Z (a) ; If Vl is active and V » is off 0, 

.sirL LV em 'n er (CE) amplifier so that an inverted 

tor of n ? llT lts ^ col ' ector - Th 's a.c. voltage is between collec- 

and ground. Since I T current source is open to a.c., the 
emitter eurrent of Q , will flow into the emitter of Q 2 . Q 2 there- 

acts common base (CB) amplifier and an inphase signal 
appears at its collector. Thus output voltage taken between 

nnn« C -? rS - 0f ^ and wil1 be tbe aI g ebraic sum of two equal and 
fr ^P®^ te s, oe waves, the output has twice the amplitude. The con- 
tribution of first source acting alone is 

, y 0 d )=av x 

Now refer to fig 7 (6) V 2 is made active while V x is off. Now 

inverted ampllfier and Qi like a CB amplifier so that 

g appears at the collector of Q z while inphase signal 
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Fig. 7 (a) 



Fig . 7 (6) 

appears at the collector of Q lm The contribution of second source 
acting alone is 


V 0 (2)= — AV t 

taneouT lying superposition tJieorem > when both sources act sixnul 

F 0 =Fo(1)+F 0 (2) 


= AV 1 —AV 2 (two inputs) 

Let us draw the circuits showing different modes of operation. • 

(1) Differential input : We can drive the differential ampli- 
ner^wuh a signa^ beiween die bases as shown in fig. 8. Here 



I 
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+ v cc 




V; 




a 


% 




-v. 


*c 


Fig. 8. Differential input. 
(2) Single ended input : 


Q, 


Vi 




sJL 


4 




I 

J 


Fig. 9. Single ended input. 

Circuit is shown in fig. 9. Only half 


4-U^ I _ v- — • ^“vuu to auvrru 1U U£. 7. V7UJY UAJi 

the available output voltage is used, the voltage gain drops in half 

y ^T y <- 


(3) Common mode input : The same signal is applied to both 

inplits as shown in fig. ]°. If each half of the differential ampli- 

ner is identical, a.c. output voltage will be zero. Common mode 

input signals are used to test how identical the two halves of the 
amplifier are. 



Fig 10. Common mode input. 

. Common mode rejection ratio : To express how successful a 
5 *f~* a * am P , *h e r is in providing gain for the differential input 
(the difference between two input voltages) and rejecting the com- 
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mon mode signal (the voltage common to both), a 
common mode rejection ratio is defined as 

A d Differential gain 


CMRR =_ . 

A e Common mode gain 

Alternatively the common mode rejection may 
in decibels as 


factor called 


be expressed 


CM R =20 log CMRR 

= 20 log (A d / A c ) = 20 log A d — 20 log A e .. (1) 

To explain more about CMRR , let us show a linear active device 
with two inputs F 1 and F, and one output V 0 , each measured with 
respect to ground (fig. 11). In ideal differential amplifier, 

y e =A d ( v x - v 2 ) 

=Ad F d 

where A d is the differential gain of the amplifier (i.e. gain for 


Ho 


V 2° 



o V. 


Fig .11. 


differential input V d ). Ideally a signal common to both inputs 
produces zero output but in practical differential amplifier, output 
depends not only on difference signal, V d but also on the'average 
signal (called common m'ode signal V„), where 

yj Vl+V, 


and V d =V 1 -V. 


giving 


and 


V x 

F, 


V e +\Vd 
V e ~ J Fa 


...( 2 ) 


Suppose A x is the voltage gain for input F, with F, grounded, 
and a 2 is the voltage gain for input F s with Fj grounded then we 
can express output as a linear combination of two input voltages. 


V 0 =A.V 1 -f-A 2 V 2 

=A X (Vo+iVd)+AAV c -iV d ) 

= i (A t -A t ) Vd+(A X +A 2 ) V e 

—Ad Vd + A c V c 

where A d =i (A x -A 2 ) and A e =(A 1 +A 2 ). 

If we put F 1 =0 5 volt, V t =— 0'5 volt, then 

V a =V 1 -V a = 1-0 volt and V c =^~?=0 


so that V 0 =AdVj + A e V c =A d 
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put 


That is, output voltage will directly give A,. Similarly if we 


^ 1=1 volt, v 2 =l volt then 

Vi= V 1 —V 2 =0 and V . = 


so that 


1-0 volt. 


V. 


v A d V d -\-A c V c — A e 

value ofV S ’ 'Ti! hiSCa8e i UtpUt voltage wiH P^vide directly the 

CMRR fox better Z C r^ n detern ? ine both A d and A e and find 
should be i™ P^ormance of the d.fferential amplifier A t 

approach i n fin ifv a T nd shouId be zero, /*., CMRR should 

better is thelX’renUaUmplifiTr ;' 15 "* Va '“ ° f CMt ' 


ei 


°^ tP ^ V ®^ e and CMRR in fi g- 5, if voltage 
’ * 5 mV, A d — 1200 and A e = 214. It is given by 


v o =A d V d +A e V, 


e%+ei 

2 


A * (ei—eJ+Ac ^ 

1200x(l‘5-l-3;xl0- 8 -f-2*14 ^ 

0 , 244-0 , 003«-0*243 volts. 


1*3+15 
2 



10 


and 


CMRR 


A d 

A t 


1200 


214 

Also if in fig 10, V ( (CM)-. 
volt, then fjr such an amplifier 

A 0 

so that CMR = 


=560. 

1*0 volt, A = 1 00, V U (CM) = 0 01 


CMRR 


AVi (CM) 100x1 
V 0 (CM) ~ 


0*01 


10 * 


243. 


= 20 log 10 4 = 80 db. 

AMPLIFIER PURPOSE IC OPERATIONAL 

fW i^«h^^ Ular ™ on °|| thic circuit of differential operational ampli- 
fier is shown in fig. 12 It consists of 

Darlington connected NPN transistors (Qi and Q.,) for 

. fin ♦ !? o n * d a i^ V, c h sta g e can provide input impedance 

, . , . ° 20Msi- JFET device offers another approach to obtain 
lg input impedance, and low bias current for input stage. 

_ . Two differential gain stages with a single ended emitter 
follower output (Q 3 , QJ. ® 

• R fff ct ff & r °unaing A and giving B a positive voltage : Then 
point Twjll become less positive so that Q t will conduct more 

i W1 ma £ e the point Z less negative. Consequently £? 6 

S C °"f uct le8S 80 ^at output will rise to some positive value 
This will provide some gain A x . 
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Inker?/'/, 



0 + 151 / 


QOVtpt// 


O -15/ 


fx’o// off (60/K/mdM oc/jostwe/ff) 

Fig. 12. Circuit of a mono. ithic EC differential operational amplifier. 

Effect of grounding B and giving 4 a positive voltage: Then 
point X will become less positive so that Q 3 will conduct more and 
in effect will make the point K less positive. Q K will then conduct 
less making Z more negative. Therefore Q b will conduct more, 
quite opposite to the previous case when A was grounded. Thus 
the change in voltage at the collector of Q x is transferred to the 
output as a similar negative voltage change which provides some 
?ain A 2 . Thus effect of grounding B is opposite to the effect of 
grounding A and if the .two voltages are applied simultaneously at 
A and B and if a x =A 2 then, obviously, the output will be zero. 
But due to slight difference in component', A x will not always 
equal A 2 and so an output will result even thougn the two inputs 
are identical. The common mode input will be 

Vi-t Vj (if the two inputs V l and V, are 

2 not equal) 

— V (if inputs are equal) 

The ratio of the output to the common mode input is called the 

common mode gain as deroted by A c earlier. However, what 

desired is the differential gain, A d , of the amplifier (called, open 

loop gain) and is the ratio of the output to the differential input 
(kx~K 2 ). 

24 4. SOME OPERATIONAL AMPLIFIER PARAMETERS : 

These days operational amplifier has become a universal 
building block for circuit and system design. Thus various 
UP-AMP circuits are in use. To compare their merits, as to the 
Peiformance and design, a number of parameters have been 
°eiined. Some of them are briefed as follows : 
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(1) Input Bias Current : In an ideal OP-AMP output is 

zero when the two inputs are identical (F 0 = 0 if V 1 — V 2 ). In 

practice, due to mismatch of input transistors unequal bias current 
flows through the input terminals. Thus input bias current is 
the current flowing into each of the two input terminals when 
they are biased to the same voltage levels or the average of the 
currents into the two input terminals (fig. 13) with output at zero 
volts, is input bias current. That is 



Fig. 13. 

(2) Input Offset Current : The input offset current, /<„, is 

the difference of the currents into the two input terminals with the 
output at zero volts (K o =0). Thus with V o =0, we have 


Iio = Io 1 — Id 2 •••( 2 ) 

Input offset current typically lies in the range 20 to 60 mA. 
This current drifts with change in temperature. If A/to * s 

change in input offset current due to the change A T in the tem- 
perature, then 


Input offset current drift=^f5 


A T 


...( 3 ) 


It is the input voltage which must 
terminals to obtain zero output 


(3) Input offset voltage : 
be applied across the input 
voltage. 

In practical OP-AMP, it is found that even if equal voltage 
are applied to the input terminals, output voltage is not zero (due 
to inherent imbalance in the circuits). To set output voltage to 
zero, we require an input offset voltage, V i0 , which typically lies 
in the range 1 to 4 mV. 

Input offset voltage drifts with change in temperature. If 
ATio i s th e drift in input offset voltage for a change AT in tem- 
perature, then 

input offset voltage drift= 

AT 

(4) Input Common Mode Range : It is the maximum differ- 
ential signal that can be applied safely to OP-AMP inputs. 
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(5) Power Supply Voltage Rejection Ratio : It is defined as 
input offset voltage change per volt of supply voltage charge, i.e. 

PSRR=f^ ...( 5 ) 

' CC 

(6) Output Voltage Swing (range) : It is the maximum peak 
to peak output voltage which can be obtained without waveform 
distortion. Output voltage swing is a function of the supply voltage 
and may range 50 to 80 percent of the supply voltage. 

(7) Full Power Bandwith : It is the maximum frequency over 
which the full output voltage swing can be obtained. 

(8) Slew Rate : It is the maximum rate of change of output 
voltage for a step input. 

The response of an OP-AMP to large change in input signal is 
not as fast as might te expected. Suppose that a step function of 
large amplitude is applied as V, (fig. 14). The internal capaci- 



Fig. 14. 

tances of the amplifier and feedback loop can not change voltage 
rapidly so that a finite time is required for V 0 to respond to the 
step input. Further as the feedback voltage, applied through R t to 
input, is proportional to K 0 , the feedback is delayed in its return 
to the input, and the amplifier input voltage V it is momentarily 
large. As a result, until the feedback voltage responds, input 
voltage Vi drives the amplifier into saturation and a distorted out- 
put waveform appears as a transient. 

Output voltage, F 0 , can rise only as fast as the capacitance can 
change or slew in voltage. The maximum possible rate of change 
of output voltage is defined as the slew rate, S, where 

s =m, 

\ dt /max 

For a sinusoidal voltage 

V 0 — I Vq I sin cot 

so that 



COS coi 



t 
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or 


dK n 
dt 


* I V o I 


' /mas ” ■ 

so that maximum possible amplitude at a frequency,/, is 


v o I 


(dVuldt) 


max 


s 


CO 


CO 


...( 6 ) 


Further W ^ ^ determined b y the capacitances in the amplifier. 

larJr ) th fl S n t tL inpUt > i m 3 Very [ ast Step of amplitude which is much 

nation OP AMP p ,fier Can handle linear| y> in slew rate determi- 
" at °P-AMP operates non-lmearly. Thus slew rate permits us 

In OPA m Mp e 1° W u hich the Hnear ra ^ e of operation of 

an OP-AMP is affected by the speed of the input signal 

one Vi'iit aS ti he l£ rge S, ! P 'r put drives the output abruptly from 

° ^ er ’ the feedback cannot be effective (slew rate 

£d»nenT t t0 "° V/ ^ s) and lherefor ~ slew rate is rather 

independent ot the amount of feedback. 

Problem. An OP-AMP has a slew rate v t 4 V/ps and peak output swing of 

10 volts. ind out the full power bandwidth. 

Full power bandwidth 


LOp 


M 

S 


(See eq. 6) 


83-7 kc's. 


or f s 4 x 10 6 Vfs „ , , 

fc ~2r. , V, | = 2~ x3 l-xl0 “ 83 ' 7tc J - 

24 5. EFFECTS OF OFFSET : 

In art 24 4, we have defined two offset terms viz , offset voltage 

and offset current. An ideal OP-AMP has zero offset voltage and 
zero offset current but a practical OP-AMP has both. The direct 

current amplifiers and integrators are affected by the input offset 
and offset changes with time, temperature, and supply voltage. 



Fig. 15. The 


equivalent circuit of nn OP-AMP with offset. 
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The equivalent circuit of an OP-AMP with offset is shown in 
fig. 15. The offset voltage is represented by a battery, V (Q , in the 
input (note that offset is referred to the input of the amplifier and 
because it is independent of the gain of the amplifier, it can be 
compared with input signal) and has the same magnitude as the 
input voltage which must be applied to obtain zero output voltage. 

We select few loops and write 

VD—I\Rt J f \ Ii Id,) Rfi Id, Ri 

and Po=[F io +(/ 0l — — Id 2 Reg 3+A-Ra 


.. ( 1 ) 
. . ( 2 ) 


But V { =(I Dl — I Di ) R { 
so that eq. (2) becomes 


V, 


V. 


A((aeo l) 


0 


or 


A 


V i0 Ioi Rcq-~\~ I\Ri 

Pp ~ P'iq'I- I Pi Reg- 
R o 


Putting /j in eq. (1), we get 


= (^^ 2 )[n-K <0 +/ C2 R M .]-1 D , R x 


or 


Vi 





(Id% R« 


or 


- v A ,+ f;) 

= — (fn a Reg ■— y<uJ ^ ^ + 1 i 7? 2 

= Pio(f|+l ) + R". [~*+l ) 


...(3) 

IdiRi 


V 


We can minimise the effect of input bias current (/ 0 i — I D ) by 

putting, * 



R 


eq 


•Hk+k) 

*(J + . ) + Voi-Im)R 

4+0 


we get 


+ A(1 R 


(4) 

(see eq. 2 art 24-4) 

Where /<„ is input offset current. Eq. (4) gives the contribu- 
oon ot offset voltage and offset current to the output voltage, V 0 , 
o> thea mphfier,. To counteract the effects of offset voltage and offse’l 
urrent, nulling circuits which effectively introduce an input d c 

no *» e .^ an be a PP lied - Refer to art 24 1, practical noninverting 
MP acts as voltage follower if R l = oo and we remove the 
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that is we get minimum output offset 


resistance R 2 then F 0 = 
voltage. 

Problem. An inverting amplifier has i? t = 100 KQ, R X =\QKQ Find 

out the value of resistoi which has to be connected between the positive input 

terminal and ground in order to minimise the effect of input bias current. 

In fig. 15, this resistor is R aa . To minimise the effect of input bias current, 
its value is 


R 


eq 


RiR* 100x 10 3 X lOx 10 s 


91 K ohm. 


R t +R a lOOx 10 , + lOx IU> " 

24 6. FREQUENCY RESPONSE AND STABILITY : 

is required to be unconditionally stable so that it 
will not break into oscillations for any amount of negative feedback. 
The excess phase shift associated with the gain stage leads to 
oscillations. Hence it is necessary to compensate frequency 

4 



-f 


Let 


performance of the OP-AMP circuit in closed loop response, 
us sketch a closed loop inverting ampiiiier (tig. 16). Since 
no current flows into the input terminals of the amplifier and the 
current / which flows through R t also flows through R., so that 


R 


or 


Vs 

Rx 


Vs-V<_ V i — V l 

Rx 
Vi 

Rx 


+ 


Vi—V, 


R 


V. 


o 


Defining 


l V a R x 


+ 


{Vi IV*) 

R» 



+ A(to) = 

V s 

R\ 

K 


+ v, 


V. 


A(co), we have 


1 +A(oj) 




A(oj) 

R 2 


Vs 



R\A (uj) 


or 
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The denominator term 

> is the term of interst regarding stability and is defined as the loop 
gain. The gain A(w) is complex, having magnitude as well as 

phase. 

If T7OTT '= 

that is, it is unity (or greater) in magnitude and becomes negative 
(or the phase angle of A( m) becomes 180°) then V 0 /Vs->° It 
means we shall have an output signal with no input a condition 
for oscillations and the circuit no more acts as amplifier. This 
oscillating condition is to be avoided. By sketching the Bode 
plot of the amplitude and phase of the loop gain function 
/4 (oj)|/(/? 1 -|-/? 3 ) versus frequency, it can be determined whether the 
magnitude is greater than zero decibels when the phase angle 
passes through 180° so that amplifier is unstable. Readers will 
find a text on operational amplifier useful for study on frequency 
compensation. 

24 7. APPLICATIONS OF OPERATIONAL AMPLIFIER : 

Some of the applications of operational amplifier, including 
linear analog circuits, are given below : 

(1) Inverting Amplifier acting as a Scale changing, Phas* 
shifting; and Summing amplifier : Refer to fig. 2(a) art 24- 1 of basic 
inverting OP-AMP. Its nbuinverting terminal is grounded, and 
virtual short circuit exists at input terminals From eq. (2), that 
we have for such amplifier (art. 241), we find that if Z X =Z 2 then 
output voltage V 0 is ( — V s ), that is, simply the sign of the input 
has been changed. Hence such a circuit acts as a phase inverting 
amplifier, and is called a sign changer or inverter. If two such 
amplifiers are connected in cascade, the output of the second stage 
will be exactly of same magnitude and sign as the input voltage 
of the first stage, though the output of the two stages will be equal 
in magnitude but opposite in sign. The system thus acts as a 
paraphase amplifier. 

Z 

Scale changing amplifier : If ~=n, where n is a real constant 

then we find from eq. (2) (art 24 - l) that V 0 =— nVs. Thus the scale 
has been multiplied by a factor — n. For it Z x and Z{ are selected 
ns precision resistors, e g. Z x — R then Z t ^nR. 

Phase shifting amplifier : If 1 Z x | = | Z* |=| Z | and if the 
phase angles of Z x and Z% are different, then the operational amnli- 
i her shifts the phase of a sinusoidal input voltage without affecting 
its amplitude. Let us write 

\ Z x \ = \ Z \ e il 
and | Z 2 | = | Z 1 e<* 

then from eq. (2), art 24 1. we have 
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W - ?to Ip^asXut thC inpU ‘ h “ bee " shifted *hr°ugh 

exceptZuf %£%£“££ 

idcaulTacr?^ 1 f 1° f " dbaak a " d «“ WTSsL?S 

the node at the inverting te™inai'™v= S eqUa,i ° n f ° r 

r / 


v ‘ + - 2 + 




or 


K 


0 



* Vi+?Z V t + ...+** V 


r a 


n 


4 


V; O \^\W V 1 

-MW i 




/4a 


I Vv\\AA 


/4o — W\i^ 






Fig. 17. Summing amplifier. 

the iJmlr* volta j? e is e Qual to the negative weighed sum of 

the input voltages. If r 1 =r 1 =...=r t then output voltage is 


V 




0 


(pl+K a +... + r„), 


^;i he ^ UtF,Ut vo l ta £ e is Proportional to the sum of input voltages. 

^Ja e . Ci r cu r ,l; be ^? ves as a summing amplifier. The circuit is 
i e y to form linear combinations of various signals in ana- 
log computers. An important advantage of this circuit is that there 
is minimum interaction between input sources due to virtual ground 
existing, at the input terminals. 

(2) Voltage Follower : Refer 

to fig. 4, art 24 1 of noninverting 

OP-AMP. If we remove X 2 and 

R, = oo thten from equation (4). we 
have 




V 


i e. 


K=v s , 


*i 


l 


Thus output voltage follows the 

input voltage. Circuits acts as a 
voltage follower. 



(3) Voltage to Current Converter : For magnetic deflection in 

Picture tnh^ it ic ^ a ° ... 


rpwf . ' . : ''uutwicr . jror magncui; ac.icouun in 

r>por^!^* Ure t 1 ut>e * lt ,s # re Quired to convert voltage signal into a 
P iona current signal. Circuit for such a converter is shown in 
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19. The load impedance, Z L , is floating (neither side groun- 
ded). Since virtual ground exists at the input terminals, no current 
Sows into input terminals and therefore the current, l, which flows 

through R x also flows through Z L . For a single input, V s , we 
have 

, Vs±) 



Thus load current, /. is independent of load impedance and 

s P ro portional to the input signal. It can be used for deflection 
coils. 


fia on* Current to Voltage Converter : Circuit is shown in 

r,,r /U ' . thlS c,rcuit out P ut voltage is proportional to the input 

current. As there is virtual ground at the input terminals, current 

in K is zero and input current, I s , flows through feedback resistor 
A2 * Output voltage is given by 


V 0 =~hRz, 

Thus output voltage is proportional to the input current C» is 
connected to reduce high frequency noise. Such an input current 
an be provided by a photocell or photomultiplier tubes as they 
give an output current which is independent of load. 



Fig. 20. Current to’voltagc convener. 
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\5) Integrator : In fig. 21, an integrator is shown. It is an 
inverting OP-AMP in which feedback resistor R 2 has been replaced 
y a capcitor, C. Feedback through the capacitor forces a virtual 
ground to exist at the inverting input terminal. It means the 
vo age across, C, is simply the output voltage, V 0 . We can write 



+K(0) 

= ^ j Idt + V q(0), 





Fig. 21. Integrator 

where V 0 (0) is ihe initial voltage. Since input current to the ideal 
amplifier is zero, we put 

R 

so that 




dt + V o (0) 


Thus output voltage is proportional to the integral of the input 
voltage. Initial voltage F n (0i can be set to any desired value by 
introducing additional circuitry. If input voltage is constant then 



Thus output rises linearly with time —a ramp. This is called 

Miller sweep (see chapter on Voltage and Current Sweep Genera- 
tors). 


(6) Differentiator : Tn inverting OP-AMP, we replace input 
resistance by a capacitor to design a differentiator (fig. 22). B e 
cause of virtual ground at the inverting terminal, we have 


dt~dt 


( CV S ) 



dV_ s 

dt 
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Fig. 22. Differentiator. 

The output voltage is 


VAt) 


Rh 

RC d -£ (0 


Thus output is proportional to the time derivative of the input 
voltage. If input signal is 

V s (f) = | Vs I sin wt 

then output is 

V 0 ( t) = — RC | V s | co cos wt 

which increases linearly with frequency and the differentiator cir- 
cuit has high gain at high frequencies. It thus also amplifies high 
frequency components of amplifier noise. Due to this reason it 
is rarely used in analogue computers. 

(7) Analog Computation : Let us solve the quadratic 

equation 

%+ B Jt+ Cv - v ' < 0 =° 

where B and C are real positive constants and vj (r) is a given 
function of time. We can put this equation as 

d 2 v dv _ 

-dF* = - B dt~ Cv+vA 0 -( 2 > 

Refer to fig. 23. We know that output of an integrator is 


...( 1 ) 


dt + v ° (0) 


c 

If time constant of the integrator, i?C= 1, then 

t 


o 


V s {t)dt+V 0 ( 0). 


Let us assume that input voltage at the integrator, I u is 

d* v 


Vs 


dt 
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so t at output of this integrate!-, available at terminal 2, is 

ry t civ 

0 7t ( ta king P 0 (0) as zero) 

outputo/it'will be 6 iDpm of integrator,/,, and, therefore 


V 0 

r o 


dv\ 

I dt=v 


-in-,, 

and will be available at terminal-3. 

Purther £ is a summing amplifier. At its input two voltages 

*>i(0 and y — are fed. The output voltage will be 


R / dv 

Rx \dt 




another 'summing aSe? /< VOlta8 t’ *•>, of terminal-3 are fed to 

terminal-4 a vohaje 2 S ° that finaI!y we § et as out P ut of 


R 


R 


V 


R(dv\ 

RAdt) +Vl{t) 


Cv -B~+v x {t) 


Ui 

But according to eq. (2), it must equal ** which is the voltage 

oneratf^ t0 k ave b een at i n P ut terminal-I , Hence the 

terming 11 1 1S o C ? mi5 * ete ^ connecting terminal-4 to the input 

o utionofeq. (1) i.e. v is obtained by opening switch 


/npuf 



\AAWv 1 

Fig. 23. /,. I 2 integrators; A x , gadders. At t= 0 S ± and 

s t ar e opened and S 3 is closed- 
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S, and Si and closing S 3 simultaneously by means of relays at 
time f=0 and noting the voltage waveform at terminal-3. 

(8) Logarithmic Amplifier : In 

voltage is proportional to the logarithmic of the input voltag . 
Such an amplifier uses the non-linear volt-ampere relationship ot a 

p-n juction. This relationship is given by 

/ r r p V, ^ Vt U 

If—Io [e tj 

where /,=forward current, F/=forward voltage drop, /^satura- 
tion current and 

F r = — , t)= 1 for G e , and q=2 for S ( . 
e 

If the operating range of V/ is restricted so that 

/fh VT >>l 


then 


...( 1 ) 


or 


/ i a v th Vr 

lt—h e 

Vf=r)Vr (logs //—log 4 Io) 


Now 


w-£. and v ° 

v, 

e R 


Vo 


= — V/, then 

T)Vt (logs logs /») 


... 12 ) 


Thus input voltage, V 0 . is proportional to the lo ganthmic 
of the input voltage, V s , provided *?, K r and / 0 are constants (ignor 

ing temperature effects). 



Fig. 24. Log amplifier. 


(9) Antilogarithmic Amplifier : 

F, at the noninverting terminal of OP-AMP 1 is gi 


The voltage, 
given by 




Fs 


...d> 


Voltage, at the output of OP AM P-1 is 
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v , ; 


But also 


(-*1 

U + . 


+rJ V s ~ 1 ) V t (log, //-Jog, I 0 ) ...( 2 ) 


V, 


so that equating eqs. (2) and (3), 


V V T (log, I s - log, /,) 


we get 


.••(3) 


(*i+* 2 ) ys ~vVr (log, //-log, 4 ) 


or 


G?i+J? a ) Vs ~v y T log, ( 4 / 4 ) 


(log, 4-log, 4 ) 


...(4) 



F«g. 25. Antilog amplifier. 

The output voltage at OP-AMP -2 is 


V, 


hR* 


Putting io e q . (4) for /f from eq (J) we 


•••(5) 


r s=t)V T log (// R t /V 0 ) 


or 


or 


(*r+5r,) 

n ' 

l0E (A)=-(^fs-) 


+R*foV T 


V V T 


or 


K,-/,*.,«ilog[_(^)£] 

=k 1 antilog (k, V s ) 

proportioual'u) antHog 'S^ , yoi J£‘y™e'» * °* AMM “ 

ting a'j^r^Msss : jw e t ! rationai . arap,ifier ° pera - 

g (astaDie; multivibrator is shown in fig. 26. 
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In free running multivibrator, there are two states which remain 
momentarily stable and the circuit switches repetitively between 
these two states. OP-AMP enjoys both positive and negative 
feedbacks and has a timing capacitor, C, at its inverting input 
terminal The output voltage v 0 , is limited by th> break down vol- 
tage + V 0s and — V os of the two zener diodes and Z 3 connected 
back to back across the output terminals of the OP-AMP. Thus 

v 0 will be either + V 0 ,^or F 0 + j or — V 0 , i^or A fraction p= 

R 3 I(R 2 +R 2 ) of » 0 is fedback to the noninverting input. Thus in 
one state the amplifier output reaches a positive saturation level 



(»«“ + V 0 „ diode Z 2 ) and in other state the amplifier output reac- 
hes a negative saturation level (v 0 = — V n „ diode Z,). The output 
waveform is thus a square wave (fig. 27). 
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4 
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%s 


Fig. 27. Output waveform of free running multivibrator. 


The input voltage, v { , to the amplifier is 

v t =v c - (5 v 0 
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When * < o, or v. < f> e„=|3 y* capacitor, Ccharges Mponen(j . 
ally towards V* through a time constant RC. The output remains 


constant at K. until ,.-+/)y + so that y * = o the 


+ 

05 ’ r r OS r r *S 

potential difference between the two input terminals approaches 
zero, and the amplifier output reverses to V~. Now C charges 

exponentially towards V 0 ~. Then v t =v e ~p v 0 s=v e +p V*. The 


£ V os at which 


output remains constant at V Q - until v e = - 

and the reversal of state takes tu. > 

shown in fig. 27. Place. These waveforms are 


Charging of capacitor starts from an initial voltage BF" 

0 s 


and 


continue, upto a voltage level py*. If the charging cou , d haye 
continued, it would have reached a final level of V*. 


But as the 


charging terminates at py+, ,he charging period is given 
by 


ty—RC log. 


Ks~P V 


OS 


T.t-p Ft 


os 


OS 


RC log. 


V K~I> Ks 

Ks 0-» 


The second charging time fro 


P V o + s to 


\»RC log, - 


V os-PK t 


OS 


ZV- will be 


If V+= V, and V~ 


05 


05 


a - - n 

V then ti=t 2 so that we shall have 


period of one oscillation or time period 

^ =z t 1 -j-t 2 


as 
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V4-QV 

RC loga^^—^+KCiog. 

RC log 3 + ^ 

(H-P) 


v-$v 


-K(l-P) 

(1+P) 


(»— P> 


2 RC log 


= 2 RC log 
— IRC log 


a (1-P) 

1 -i- Rfi( R : + R 3 ) 

* 1 -A 3 /(A 2 + /<») 

2R» 


...( 1 ) 


1 + 


y? 


2 1 


• • (2) 


If j3 is chosen to be ()■ 473, then 

T=2RC 

so that frequency of oscillations is 

f -L L 

J T ~2RC 

From eq. (1), we observe that time period is independent of 
saturation levels Vfi s and 1 and depends only on time constant 

RC and feedback factor (3. 

Astable multivibrator is very useful for fixed frequency appli- 
cations in audio frequency range (10 c/s —10 kc/s). At frequencies 
greater than 10 kc/s, the delay time of the amplifier for going from 
one state of saturation to another state of saturation becomes 
significant. Further, slew rate of OP-AMP also sets a limit on 
the rise and fall times of square wave output waveform. 

(Ill Bridge Amplifier : Circuit is shown in fig. 28. Operat onal 
amplifier is used here to amplify the output from a Wheatstone 
bridge, circuit which consists of a transducer (a device that con- 



Fig. 28. A bridge amplifier. 


verts a physical variable being measured into an electrical signal 
e.g., a thermistor) is one of its arms. In fig. 28, T is a thermistor. 
Let the change in resistance of T with temperature be A R- Let a 
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poim 3 ^ Vs ' bC app,ied to the brid S e - Then potential at 

R+A-R 1 „ 1 (R+AR) V s 


V„=r- 


r 


B 1{R+AR)+R 

and at C will be 


V 


2i?(l + AR/2R) 


so that 




V S R 
2 R 


A V= V B — V c 


_Vs\ R+AR 

~2R (_(1 + AR/2R) 

Vs\R+AR-R- AR/2 
'2 r[ (T+7±R/2R) 

Vs f AR/2 1 
2R [l + AR/2R\ 

ARf~ 1 


4 R 


If A R ^ 2 R, then 

A V= 


1 + 


A R 

2R 


A R 


4 R 


- V, 


outnut 8 vo| 9 t a S p h p° W A l^ at c AR r ,argC - for most thermistors. Thus 
purpose of operational amplifier here is to provide a usable signal 



Fig. 29. Variation of thermistor resistance with temperature. 
‘ od " ve an ,n f lCatlng instrument (a meter) without introducing any 

ble for any mdliammeter) for OP-AMP as its high input impe- 

dance about 50M ohms) will not load down the bridge and sc 
will not introduce additional non-linearity. g 

^ j x xti n x t -i , • : The function of voltage compar- 

er is to compare the time varying voltage at one input with a 


Linear Integrated Circuits : Operational Amplifier ( OP-AMP ) 985 


* 


fixed reference voltage on the other. A differential amplifier (fig 
30a and 306) can be used as a voltage comparator (fig. 31a, 316) 

+ Wf»r) 



Fig. 30(6) Symbol of differential amplifier. 



Fig. 30 ( b ) Differential amplifier input/output graph. 



f -f- 10 F for e t > e R 
| — lOT for d < e R 


Fig. 31 (a) A comparator; e/ is input voltage, e R is reference 

voltage. Output t’ 0 is + 10K (+ Vcc ) when e t 

and v 0 is — 10 K when e ( < e R . 






I 
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Differential amplifier of fig. 30 (a) has been shown as compa- 
rator in fig. 31 (a), with a difference that here e x is shown as et (in- 
put voltage), e 2 as eR (reference voltage, normally a constant value). 

nput signal e< will be compared with other input a reference vol- 
tage, e R . 

Since voltage gain of OP-AMP is very high (A-+co) output, v 0 , 

Posits saturation value (a d.c. level, shown as 
+ 10b) whenever e ( becomes slightly greater than e R (few milli- 
\o fs), while output, t> 6 , will reach its negative saturation value (a 
dc eve I, shown as — 10F) whenever e { becomes slightly lower than 
e ’ R ' 3 Ift). Thus output will quickly jump from one saturation 

to the other as ei varies above and below eR. Thus output wave- 
form which is a square one, though input is a sine waveform, can 
oe explained as follows : 

Tlie moment ei is greater than eR by a few millivolts (say even 

l ' m V() reaches ^tonce the po itive saturation f + lOKhere) value, 
it will remain at this level so long as e t continues to be greater 

than e R . But when c f < e n , then as Ci crosses zero, it becomes 
s ightly less than cr and therefore output jumps to negative satu- 
ration value (— 10V) and continues to remain at this level so long 

a ^t r < r fR% ^hen e ( rises again to become greater than e R , state 
of affairs is repeated. Thus we get a square wave output. 

out P ut will jump from zero to the d.c. level 
( f 10K and — 10K) every time the input signal d passes through 
zero. The OP-AMP then acts as a zero-crossing detector. 

EXERCISES 

1. Draw schematic block dia ram of the basic OP-AMP with invert Dg 
and non-inver ting inp Us . Sketch their equivalent circuits. 

2. Exp ain the significance of virtual ground in a basic inverting amplifier. 
How v.ould you explain its existence ? What do you understand by 
closed loop and open loop gam of an OP-AMP. When a noninverting 
OP-AMP acts as a voltage follower ? 

What is meant by an ideal differential amplifier ? What are differen- 
tial gain and common mode gain of a diffeiential amplifier ? Define the 
term common mode rejection ratio (CMRR). Discuss an emitter coup- 
led differential amplifier. 

4. Define Me terms inpu t bias current, input offset voltage, input offset 

current, full power bandwidth and slew rate. What are the factors 
which determine slew rate. 

5. Describe the function of an OP-AMP as (i) an inverter (ii) a seals chan- 
ger, (iii) a phase shifter, (iv) an adder, (v) an integrator, (vi) a differen- 
tiator. 

6 Draw the circuit diagram of a bridge amplifier using of OP-AMP. Ex- 
plain its funct on. 

7. Discuss how an OP-AMP can be made to act as an astable multivib- 
rator. Obtain an expression for frequency of oscillations. 

8. Discuss how OP-AMP can be used as a comparator. 


25 



We shall take up the subject starting from basic principles and 

’ definitions. First combinational logic will be discussed in detail 

upto 25 10 and sequential logic in brief there-after. 

25 1. DIGITAL AND ANALOG METHODS : 

The term digital refers to any process that is accomplished 
usi ng dis crete units, e.g. fingers, toes, (digits) etc. Eacti of these 
canoe used as a unit or group ol units to cxpi 'ss a whole number. 
On the other hand, analog numbers arc reprer>?ntcd as directly 
measurable quantities such as volts, rotations and distances etc. 
Thus in analog method, the number 20 can be represented as a 200 
degree rotation of the needle on a meter. Tnis method has been 
used extensively in electronics to re present such phenomenon as 
intensity, frequency and time etc. For communication purposes 
both digital and analog methods are used In digital method, an 
analog waveform is sampled, and the digital representation of the 
amplitude is transmitted at regular intervals so that notning useful 
of the sampled waveform is left. Both the accuracy and economy 
have turned the preference of the people towards digital readout 
devices. In this chapter we shall be concerned only with digital 
methods. 

25-2. NUMBER SYSTEMS USED IN DIGITAL ELECTRONICS: 

* As the term digital implies a system of coupling using discrete 

units, there are four systems of arithmetic : 

(t) Decimal 
(ii) Binary 
(»/) Octal 
(iv) Hexadecimal. 

Digital systems use binary system extensively. We shall discuss 
the first two systems. 

Tbe Decimal Number System : This is frequently used number 
1 system in our daily life. It contains 10 unique symbols : 0. 1, 2. 3, 
4, 5, 6, 7, 8 and 9. Because it has symbols its base is used to be 10. 
To indicate digits greater than 9 the digits are arranged by columns 
on the left of decimal point, each column having a different weight 
or multiplying factor, e.g., they are named as hundreds, tens and 

units. Similarly to represent digits less than I, the position 

to the right of the decimal point are named as tenths, hundredths, 
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thousandths etc. For example number : 

4 3 2-45 ]0 =4x 10^+3 X10*+2X10*+4 X 10-1+5X10-*. 

only two digits' (TancM*^ as Contrast' 1 ?? bin , ary numbe r system uses 

to the left or right of the S ? n f? r h,$ system 15 2 and positions 
decreasing in powers of 2 Fo? ?*Zp“7umb« “ fa “ £asin « or 

10101 1,=-1x2«+Ox2«+1x2*+Ox2'+1x2M-1x2» 

= 32+0-f-8 + 0 + 2 + l 

= 43 l0 in decimal system 
and the number 


0-1101 


1x2 J + lx2 2 +0x2 3 +lx2 -4 


1 1 i 

2-+4+°+r6 


0-5004-0 2504-0-062 in decimal system 
0*812 l0 . 

been^ilustVated above* ^The^o lu m n This P r ° cess is easy and has 

write example to convert 10111, to decimal, we 


10111 , 


1x2 4 4-0 x 2 3 4-1 X 2 2 4-1 x2 1 4-1 X 2° 
16+0+4 + 2+1 

23 jo * 


vely divided 1 For this ’ nurr)ber is successi- 

result is obtained by assumin in ^ 

remainder being the most sigiificam bit* (MSB) Fo ^ th i 'f 
convert 43 10 to binary, we proceed as foll^ff' ° F eXan1ple ' “ 


2) 

43 


2) 

21- 

-1 

2) 

10- 

1 

2) 

5 — 

0 

2) 

2- 

1 

2) 

]- 

0 


0- 

1 


Remainder 


/ 


V 


ft 

J 


/ 


/ 


Reading the remainders from the botto 

43, c = 10101 J„. 


\ 


to top, 
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Another number 200 j0 can be converted as follows : 

2) 200 R 
100-0 
50-0 
25-0 
12-1 


2 ) 

2 ) 

2 ) 

2) 

2) 

2 ) 

2) 

2) 


6-0 


3-0 
-1 
-1 


1 


0 


Reading the remainders from the bottom to the top, the result is 

200 10 = 11001000 2 . 

Binary Addition and Subtraction : The process of addition using 
binary numbers is basically identical to that using decimal notation. 
Prior to addition and subtraction, let us explain carry and borrow 
in binary system. 

When a given binary column is filled (contains a 1) and when 
the digit is to be implemented by 1 (added to by I) then the 
column in question is returned to zero and a carry is placed in the 
next higher order column. 


For example 


0 


cr cr 
0.1 1 

1 


(number) 
(add 1) 


OR in 


It 


ore detail 


1 0 0 
column numbers 


In the I’s colu: 
with carry of 1 


II 



1 + 1 = 0 , 


cr 

In the 2’s column, 1 + 1=0, 
with carry of 1 . cr 


In the 4’s column, 0+1 = 1. 


8 4 2 1 

0 0 11 

1 


1 0 0 



For borrow, a binary digit moved from a more significant 
column becomes a borrow, and in the new column it carries a 
weight greater than before by the base of the system. For example, 
a 1 in the third column (or 4’s column) is to be moved to the 
second column 


1 

0100 -> 00+0 

1 

This peculiar notation is neceesary because a 1 moved one 
wnumn to the right is now weighted twice its previous value. 
Twice 1 is 2, but there is no digit 2 in the binary system. These 
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arc then treated as individual digits as illustrated in forthcoming 
subtraction 


Addition : Add 101 1 2 and 1 10 2 , concept of carry is to be used. 
In the Ps column, 1 + 0= 1. 

In the 2’s column 1 + 1 =0, with a column number 

carry of 1. 8 4 2 1 

In the 4’s column 1 +0+ 1 =0, with a 10 11 

carry of 1. +110 


In the 8’s column I + I =0 with 1 0 0 0 1 

a carry of 1 to next higher column, 
but this is the last column of the 
number and therefore it is written 

as 1 + 1 = 10, which is 

read as “zero and a carry of 1”. 

Subtraction : Subtract 01 1 1 1 2 from 1 101 1 2 . 
concept of borrow is to be used in association with rule that 

0 minus 0 equals 0 

1 minus 0 equals 1 

1 minus 1 eauals 0. 

As stated earlier 0 minus 1 will require a borrow from next higher- 

1 

order column which is to be written as + on the column demanding 

1 

a borrow. Let us depict them in the given problem. 

1 

+ 1 

0/1 + 

/ 0 / 1 

/ x , , 07 

1 10 11 =27 10 

- 0 1 111 =15i« 


0 1 10 0 = 12 „ 


As another example let us subtract one from 100*. 




1 

+ 

1 


So 0 =4 10 
— 1 = 1 10 
0 1 1 =3,o 

25 3. BINARY ARITHMATIC IN COMPUTERS : 

Two’s complement arithmatic to represent negative 
(Addition of negative numbers) : 


numbers 
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In order to represent both positive and negative numbers in a 
computer, an additional bit. called the sign bit, can be added to 
each number. If t his bit is a 0, the number Js positive. If it is a 
l,_ibe'n umber .^negative. This system is called a signed magnitude 
system. Examples are in a six bit hardware, 

000011 = 4-3 

100011 = — 3 . 

However, under this system a great deal of manipulation is 
necessary to add a positive number to a negative number and is 
rather impractical. 

' In a computer, due to its finite word length for which it is. 

designed, a number is to be represented in a specific number ot 
bits. For example six bit word length, eight bit word length, 
twelve bit word length etc. Suppose system is only of eight bit and 
we are to add the following : 

(0 1011 1011 (H) 1010 0001 

4- 0100 0100 4- HOI 0111 

mi mi oin iooo 

Note that carry from eight bit in the second addition is to be dis- 
carded because ninth bit is outside the computer capability. It is 
exactly same as in a two bit decimal system, carry of second bit (or 
tenths column) is to be discarded viz. 

64 
+ 73 

37 

where carry of tenth’s column is discarded. This type of arithmatic 
is called modulus arithmatic. The two’s component system is used 
to represent negative numbers using modulus arithmatic. Assume 
a bit number length then negative numbers are represented by the 
transformation 2"~ N, where N is the positive representation of 
* the number (/.e. additional bit or sign is 0). Let us take three 
examples ; 

Ex. 1. Express the decimal number -5 in two' s complement 
form in a eight bit system. 

Thus n = 8. and positive representation of —5 in eight bit is 

00000101. Thus 

2 8 = 1 0000 0000 

Subtract 5 — 0000 0101 

Result -5 = 1111 1011 

Ex 2. Express the decimal number —15 in \2-bit two's com- 
ponent form 


2 12 = 

1 0000 

0000 

0000 

Subtract 15 

- 0000 

0000 

mi 


-15 = 1111 

mi 

0001 
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Ex. 3. Express the decimal nnmber — 16,000 in 16 —bit two's 
complement form. 

2 16 = 1 0000 0000 0000 0000 

Subtract 16,000- 0011 1110 1000 COCO 

Result —16,000= 1100 0001 1000 0000 

There is another method of computing two’s complement of a 
number. It is : 

(0 write the positive expression of that number, 

( H ) then complement all the bits of that expression (change 
all the l’s to 0’s and all the 0’s to l’s). 

(Hi) then add one and get the result. 

Ex. 1. Express decimal number — 4 in 8 — bit two's complement 
form. 

Positive expression of number 0000 0100 

Complement of above 1111 1011 

Add one in complement -f 0000 0001 

Result — 4=» 1111 nOO - 

Thus —4 equals 1111 11 0. 

Ex. 2. What negative value does 1001 1011 represent ? 

Number =1001 1011 

Its two’s complement =01 10 0100 

Therefore in decimal system 

0110 0100=101, o 

Therefore 

1001 101 1 = — 101 l0 

Summarising this 'article we write some two’s complement 
numbers in the following table. 


TABLE-1 : 

Binary 

0111 
0110 
0101 
0100 
0011 
0010 
0001 
0000 
1 1 1 i 
1110 
1101 
1100 
10 1 
1010 
1001 
1000 


Two’s Complement Numbers 



Decimal 




+6 
+ 5 


+4 
+ 3 
+ 2 
+ 1 
0 
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We note from the table : 

1. In two’s complement system, there will always be 2 n_1 — 1 
positive integers, 2"- 1 negative integers, and one 0, for a total of 2" 
unique states, where n is the number of bias in the binary word. 
In the table n=4so that total 2 4 =16 states, out of which 7 positive 
integers, 8 negative integers and one 0. 

if ^ n ^ lC ^ 9 10st bit is a sign bit and do not express quantity. 
I* it is 0, number is positive and if 1, number is negative. 

Let us now take few more examples for the completeness of 
above two s complement method. 

Ex. 1 . What negative value in decimal system does 100! 1011 

represents ? 

Find two’s complement for this purpose 
Number =1001 1011 

it complement =0110 01001 

Add 1=0000 0001 | 

Result =0110 0101 

Two’s complement of Number=0x 2 7 -fl x2* + l x2 6 + 0x2 4 


Thus 1001 1011 = — 101 10 

Ex. 2. Add —5 to +5 in 8 bit word length. 
First find two’s compliment of —5, and then 

Cwtn A » 1.! _ • « • 


0x2 7 +lx2‘ + l x2 6 + 0x2« 

+ 0 x 2 *+lx 2 s + 0x2'+1 x2° 

64+72+4+1 

-ioi 10 


stgn bit taking part in the process. 

To find two’s complement of — 5 

Positive expression of —5 =0000 0101 

Complement of above =1111 1010 

Add 1 in complement + 1 

Result =TTTT ion 

Which is two’s complement of —5. 

So addition will be 

4-5 = 0000 0101 
-5= 1111 1011 


0101 

1011 


/ 


/ 


+ 


Sum 0= 0000 0000, 
since the carry is the ninth bit, it is discarded. 

Ex. 3. Add —20 and +26. 

Two’s complement of —20= 1110 1100 

+26= 0001 1010 

+ 

Sura +6= 0000 0110 
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Ex. 4. Add — 10 and + 15. 

Two’s complement of —10= 1111 0110 

+ 15 
+ 5 

Ex 5. Add + 10 and — 15. 

Two’s complement of —15= 1111 0001 

+ 10 = 0000 1010 

Sum -5= 11 1 1 1011 

Since the two’s complement of 1111 1011 are 0000 0101 which 
is +5 and hence 

mi ioi i = — 5. 


= oooo mi 

+ 

= 0000 0101 


25-4. BINARY CODES: 

A code is simply a system of symbols by means of which 
meaningful communications can be affected. 

A coding method much used is the straight binary code, where 
all numbers are coded in binary fashion. Hence 1 is 0001 ; 7 is 
0111 ; 105 is 1101001 . This system has the disadvantage that the 
larg e numbers require a great deal of hardware to handle these 
numbers. 

The above difficulty is encountered by using another coding 
system-called binary coded decimal or simply BCD. In this system, 
individual decimal digits are coded in binary notation and are 
operated upon singly. Thus binary codes representing 0 to 9 deci- 
mal digits are allowed. For example 34 2 in BCD is 


0011 0100 0010 

(3) (4) (2) 

since 4 bit system is sufficient to handle any d ecimal digit, on y 
four elements of hardware are needed to operate upon the 
because each digit is operated upon at different times. Thus 
single four st age register, consisting of four flip-flops can han 
any decimal number. This is also called the 8-4-2 -1 code. 

A nother code used is the Gray code. In binary system we fi * 
that all four bits are changed when going from 7 to 8 (Oi l 
1000), in Gray code only one bit changes at a time. Following^ 
the procedure to change a binary number to its gray co 

equivalent : 

(/) Record the most significant bit (msb). 

(/V) Add this bit to the next position, recording the sum an 
neglecting the carry. 


(jj'O Record successive sums until completed. 
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Ex. 6. 

Convert binary 1011 

* 

to Gray code. 



position 8 4 2 1 

Binary 

10 11 

weightage 


I 1 

10 11 

Gray 

1110 

Procedure : 


1. First record the 8's bit which 
is most significant. 

2. Now add 8's bit to 4’s bit, 
1 -f 0= 1. Record it. 

3. Then add the 4's bit to the 
2’s bit. 0 + 1 = 1. Record it. 

4. Then add the 2's bit to the 
l’s bit, 1 + 1 = 10 (0 with a 

carry). Record 0 and ignore 
carry. 


TABLE 2. Gray Code 




25 5. BOOLEAN ALGEBRA AND LOGIC GATES : 


Boolean algebra is a system ot mathematical logic and it differs 
irom both ordinary algebra and the binary number system viz. in 
Boolean I + 1 = 1. In it the variables permitted to have only two 
values true or false, usually written as 1 and 0, and the algebraic 

OR r Mr, nS ° n the vanables are braked to those defined as AND, 
M UT * 
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Boolean two variables true or false may be represented by on 
or off states of electronic switching circuits On account of such 
functioning of switching circuits, Boolean algebra becomes of prac- 
tical significance and is implemented through these switches that 
act as electronic logic circuits. 


Thus there are two variables within the Boolean system : 0 
and 1. Every number is either a 0 or a 1. There are no negative 
or fractional numbers. We write : 


If X=1 then X^O 
If ' then X^l 

The three operations permitted on these variables are described 
below : 


25-5-1 V JTHE AND OPERATOR 


w • 

This operator is represented by the symbol • and the operation 
be written as 


« 

can be written as 

A ANDC--^A‘B=AB=C, 

which means that if A is true AND B is true, then C will be true. 
Under any other condition C will be false. There are four different 
combinations of A and B that must be considered as shown in 
table 3. Such a table in which ill possible states are examined and 
a decision made as to whether the output would be true or false is 
called truth table. 


TABLE — 3. Troth table for AND operation 


r A B=C 

0 1 2 7 ^ 

60=0 

A 0 0 1 1 

01=0 

5 0 10 1 

1*0=0 

C 0 0 0 1 

1*1=1 


AND functions 

truth table 


We note from truth table that only when both A and B are 
1 (or true) will the output, C, be 1 (or true). 

AND Gates : Electrical switches can be used to represent 
AND_gate. In fig. 1 ( b ) two switches A and B are connected in 
senes. Lamp glows only when both switch A AND switch B are 
cl osed . 



Fig. 1. (a) Symbol of AND gate used in electronics. 
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* 


r 


i>b 


% 


J~L 

O 


D, 



4 




( b ) Electrtca! analog o AND gate 
Fig. 1. Symbol and electrical analog of AND ga'e. 

Circuit and operation : 

Circuit is shown in fig. I (c). Such a circuit has more than 
one input circuits and gives an output, as we shall see later only 
. en the signals are applied to input 1 and input 2 and input 3 
simultaneously. On account of this fa^t, such a circuit is called an 
AfNL) or coinc idence circuit. 

/ Diodes cond uct heavily 
In Mhe absence of— -any input 
si iHahy Because of low resistance 
ofydtode in conduction, high 
resistance, R L , and low source 
resistance, -circuit acts like a 
clamper. (The output voltage is 
thus clamped at approximately 

ground levelTl 

When a positive going pu'se 
1S applied to any one of the input 
circuits then due to its^ sufficient 
amplitude, it will overcome the 
power supply voltage so as to 

P r ° duce a reyerse bias condition. Fig 1(c) Diode AND circuit 
1 ne corresponding diode then does Vacuum diodes can also be used 
not conduct. Supp ose si ng a pu jsejs applied to input 1, then diode 

the^wui° ff 0I l dU ^ rt 5 beca ^ se /) 2 and d 3 still conduct heavily, 

U the pulses are-upptied no input 1 and 2 but not to 3, D , will 
a"”'" conduction and clamp the output at zero level. Therefore 

01 UtpUt ry possible onlv when milcoc : % 



-a 



& 


famili 



les. 


For further discussion refer to Logic 



AND laws : 


The three Boolean algebraic laws can be written 



A AND 0=A.0=0 

A.l=A 

A.A==A 


i 
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(a) Verifying A, 0=0 (6) Verifying A. l=A. 



(c) Verifying A A=A. 

Fig. 2. Representing AND laws. 

Suppose /4 = 0 then we get ‘off’ state in all the three cases : 

0 - 0=0 
0 - 1=0 
00 = 0 

If A — l, then we get ‘off’ state in one and ‘on’ state in two 
cases : 

10 = 0 

1-1 = 1 


1,1 = 1 . nf 

Keeping these values one can easily verify on or off state 

the lamp in fig. 2. 

25 5-2. THE QR-OPERATOR : j . n 

This operator is represented by the symbol -f- and the opera 
may be written as 

A OR B=A+B*=C 

which means that if A is true OR B is true, then C will be true. 
Under any other condition C is false. There are four din 

combinations that must be considered as shown in table 4. 

note from truth table that when either A is 1 or B is 1 (true) 
yutput C will be 1 (true). 

TABLE 4. Truth table for OR operation. — 


OR function 


A + B 

04-0 
0 + 1 
1+0 
l+1 a 


£ 

0 

1 

1 


Truth tabic 


OR Gates : The symbol for OR gate used in electronics is 
shown in fig. 3 (aLhnd its electrical analog in fig 3 ( b ). 


1 
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C =A+£ 



(a> Symbol 


(b) Electrical analog 


Fig. 3. Symbol and electrical analog of OR gate. 

Circuit and operation : 

An OR circuit is shown in fig. 3 (c) with two or more input 
circuits. Such a circuit produces an output when a sign?' is app- 
lied to any one or all its input circuits. 

In this circuit, if all inputs are at zero level, diodes do not 

conduct : current through R t is zero and output level taken across 
Rl is zero. 

When positive going pulse is applied to input 1 or input 2 oi 
input 3, current flows through R L 
developing a positive voltage 
across it and with Rl being 
sufficiently large compared to 
diode forward resistance, output 
will be equal in magnitude to in- 
put pulse Therefere output reaches 
at maximum amplitude and con- 
duction of rest two diodes will not 
add any more to the output i.e. 
output voltage is same whether one 
or all the diodes conduct J For fur- 
ther details, refer to logic families. 

We note that a positive input Fig. 3 (c). A diode OR circuit. 

pulse produces a positive output pulse which is obviously an OR 
circuit action. 

Inclusive OR gate : The above mentioned OR gate in which 

output is true (C=l) when both inputs are true (A = l and 5=1) 
is called inclusive OR gate. 

Exclusive OR gate : In this case output is true (C 
when either input (A = l or 5=1) but not both, is true . 
and truth table is shown in fig. 4. 

A 



1 ) only 
Symbol 





A 

B 


0 

0 

0 


1 

0 

1 


2 

1 

0 


3 

1 

1 



symbol truth cable 

Fig, 4. Symbol and truth table of exclusive OR gate 
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We can write three Boolean algebraic laws as 


Let A — 0 then we get 


A+l 
/1 + 0 : 
A + A 


= 1 

A 

=A 


and A= 1, then 


0+1 

=1 

on state 

0+0 

= 0 

off state 

0 + 0: 

= 0 

• 

off state 

1+1= 

= 1 

on state 

1+0= 

=1 

on state 

1+1= 

= 1 

on state 


mcac aidics can oe easily tes 
In ‘on’ state the lamp will glow. 1 
disconnected. 


• iium ciicuns given in 
eans connected and 0 


fig. 5. 

means 



(c) A + A = A 

Fig. 5. Verifying OR laws. 

25 5-3. THE Nof OPERATION : 


/This operator is represented by a bar e g., A. The operation is 
also called as complementation or negation inversion). The NOT 
gate is thus called complementary circuit or inverter. It has single 
input and single output. It inverts or complements the input. 
Thus if input is in 1 state, output will be in 0 stale or vice-versa. 




I 
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The truth table is 


0 

0 


B 


1 


1 

1 

0 


6 



3 


3 



(a) symbol 


G> 


' (b) Electrica; analog 
h, g o. The inverter. 

trian5e S M imnn? C/> Vc aCtUally re P resents the inversion and 
triangle an amplifier, j Some examples of this use of circle 

inversion) are shown fn fig. 7 abngwith their meaning. 

SYMBOL MEANING 


the 

(of 




i 


(a) A + B 



c 


( b ) A B 



c 



(c) A + B 

Fig. 7. 1 he circle as inverter. 

i fi \^ OT L 0 P erat i° n (NOT gate) is illustrated by electrical analong 
m ng. 6 (b). When switch A is closed (that is logic input is in i 
state) the bulb does not glow (output is in 0 state; because closed 
switch presents a short circuit across the bulb. Similarly, when 

ft W l tC Mi 0pe . n (logic in P ut in 0 state )> bulb glows (output in 1 
state). Thus it explains the inversion of input, fl 

Circuit and operation : / 

a ™„. C r rCui * S are shown in fi S ures 8 (°) an d 8 (b'. These are simple 

arnphfier mrcmts so rbat output is in phase opposition to input. 

in me absence of any signal, there is no plate or collector current 


\ 


/ 


I 
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( a ) (b) 

Fig . 8 . The invertor or NOT Circuit. 


because tube or transistor is biased beyond cut-off and output 
reaches the full supply voltage [(stage represented by 1 in fig. 8 (.<?) 
(b) (c)]- When a positive going square wave is applied at the input, 
tube or transistor conducts so that plate of collector potential 
drops to low voltage level characterised by the symbol 0. Now 
there is no output. t ^ 

We thus find that outputos present only when input signal is 

not applied Therefore these are called NOT circuits. For details, 
see Logic families. 

NOT laws : Few Boolean algebraic laws can be written as 

0=1 

r=o 

If A =0, then a =1 

If A — l, then ~a =0. 

These laws are already explained by the electrical analog which 
represents that if switch is closed (1 state) lamp will not glow 
(0 state) or vice versa. 

A fourth la* can be written following the definition of an 
inverter and is 

T=A 

and can be verified by examining fig. 8 (c). Obviously, A inverted 
twice, A, is identical to A. 


A 


Fig. 8. (c) Verifying A=A. 

25 6. UNIVERSAL BUILDING BLOCKS : 

In previous art. we have discussed AND, OR and NOT gates. 
There are some units which can perform all the aforesaid three 
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logic functions e.g. a NANO gate; a NOR gate can perform both 
the OR function and the AND function. Thus these two gates are 
called universal building blocks. 

NAND gate : When AND gate is combined with NOT gate 
in cascade the resultant gate is known as NAND gate. Fig. 9 (a) 
shows a NAND gate symbolically in which a NOT gate follows an 
AND gate (inverter). The inputs A and B are ANDed, yielding 

AB and then inverted, giving AB The truth table is 

0 12 3 

A 0 0 1 1 

5 0 10 1 

AB 0 0 0 1 


output, C, —AB 1 1 l 0 

Fig. 9 ( b ) shows the electrical analog of this gate. Obviously the 
lamp will not glow if both inputs A and 5 are in logic T state 
i.e. switches are closed. 

Fig. 9 (c) indicates a NAND gate circuit. The logic state l’s 
represents +5F and state 0 is ground. The output, C, is low only 



NAND gate with externa/ inverter 



NAND gate, interna! inverter 

(a) NAND gate used AND function. 



(6) electrical analog. (c) NAND circuit. 

Fig. 9. NAND gate. 
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when b° th i n p uts a and B are at 1 logic state. Thus when A is al, 
and 3 is a\, the output C is a 0. 

th,^ n ° tf l er Way of, o° kin 8 a t the NAND circuit is to observe 
that its output is a 1 if A is 0 or if B is 0. Thus it can perform the 

OR function. Fig. 9 ( d ) depicts this function. First A is inverted 

giving A, B is inverted giving B 
its output. Truth table is 

0 1 2 
■'4 0 0 1 

5 0 10 


Then OR gate forms A+B at 


3 

1 

1 


B 


output, C, =A+B 


1 

1 

1 


1 

0 

1 


0 

1 

1 


0 

0 

0 


Whde discussing De Morgan’s theorem in art. 25‘7 we shall 
conclude that log.c circuits of fig. 9 (a) and fig. 9 (6) are eqSivZi. 






Fig. 9 (</) NAND gate used as OR function. 

OR gate : . When a_NOT gate is combined with OR gate in 
ie resultant gate is called as NOR~gate. It is represented 
symbolically! n tig. FO TojTi h^hfc h a NOT gate followsZST OR 
gale. The logic equation is" 


and the truth table is 


A 

B 


A + B=C 


0 

0 

0 


1 

0 

1 


2 

1 

0 


A+B 


3 

1 

1 

1 


0 1 1 

output, C=A + B 1 0 0 0 

‘Not A+B+ or A+B is interpreted as 'hf all inputs are at logicj), 
the output C will be al logic 1. If any input js lqg|c 1, th ^output C 
wlirbe logicO - NOR gate electrical analog is ihown in fig. 10 (b), 

^^-^ ed ! CtS ttla * lf ln ^ one °f the switches is In state 1 i.e. 

. W1 !' not g,ow (0 state). Circuit for gate is given in 

-u'u ° g , IC 1 ap P^ 7 ^ t ^OR the OR gate output 
itsdf will be at logic 1 which will be inverted to logic 0 at C. 

ence, to have a logic 1 at C. there must be logic 0 at the inverter 
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input, which requires that A AND B be at logic 0. (Here we note 
th at the . NO R gate has similar characteristics to that of the AND 
function. The truth table is 

~ 0 12 3 

A 0 0 1 1 

5 0 10 1 


output, 


^110 0 
5 10 10 

C=~AB 10 0 0 


In fig, 10 ^d) NOR gate used as AND function is depicted. 



(a) NOR gate used as OR function. (6) Electrical analog. 



(c) NOR gate circuit. 

Fig. 10- NOR gate representation. 



AND 


In art, 25 7 while discussing De Morgan's theorem, it will be 
concluded that logic circuits for NOR gate sketched in fig. 10 (a) 

and that in fie. 10 (d\ are eauivalent 
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25 7. LAWS OF BOOLEAN ALGEBRA AND THEIR CON- 
VERSION INTO A LOGIC DIAGRAM : 

Though some of the laws are stated in art. 25 , 5, we shall take 
up them here again. 


Laws 


AND 


of Complementation (NOT laws) : 


Law 1 

0=1 

Law 2 

r= 0 

Law 2 

If A =0, then A = l 

Law 4 

If A = ! , then A = 0 

Law 5 

A=A. 

Laws : 

The four AND laws are 

Law 6 

+0=0 

Law 7 

A. 1 —A 

Law 8 

A.A=A 

Law 9 

A.A=0. 


The last law represents that if at one input of logic is 1, then 
other input A would be 0 so that output is 0 (fig. 1 1). Also i f <4=0 


A = 1 even output will be 0. 


Fig. 11. Verifying A.A=0 . 

OR Laws : The four OR laws are 

Law 10 A-\~0—A 

Law 11 .4+1 = 1 

Law 12 A +A=A 

Law 1 3 A + A = 1. 



The last law can be easily verified by taking A*= I> then A^O, 
so that 1+0=1. 

Commutative Laws : 

Law 14 A + B—B+A 
Law I 5 A B = B.A. 

Law 14 predicts that adding A and B one arrives at the satfie 
rerult as by adding B and A Similarly Law 15 predicts that 
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multiplying A and B one gets the same result as by multiplying B 
and A. It can be seen as follows : 

0 1 2 3 0 1 2 3 

A 0 0 11 A 0 0 1 1 

B 0 10 1 5 0 10 1 

A + B 0 1 7 r A.B "6 0 0 T 

B+A 0 111 B.A 0 0 0 1 

Thus in general, we may state that the logical element may 
appear in any order, the result is the same. 

Associative Law : The two associative laws are 

Law 16 A T~ (5-}~ C)= ( A B ) L 

Law 17 A-(B-C) = (A-B)-C 

This law states that the logical elements may be grouped in 
any combination provided they are connected by the same sign. 
Law 16 is depicted in fig. 12 using OR gate and Law 17 in fig. 13 
using AND gate. 



A 

a 

c 


Ad 


■X=(AB)C 


Fig. 13. Illustrating the associative la* 17. 

Distributive Laws : It states that the expressions can b 
expanded by multiplying term by term as in ordinary algebra, 
Thus 

Law 18 A-(B + C)= AB)+(A.C ) 

Similarly, with the help of distributive laws, the terms can b( 

factored e.g. 



AB+AC=A(B+C). 


t 
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We can write other laws as follows : 

Law 19 *+(B.C)=:(A + B)-(A + 0 

Law 20 A + ( A'B)—A-\-B 

We can proceed to prove Law 19 in the following way 

A-\-BC=A J rBC 

Law 7 

Law II and 14 
Law 18 

Law II 
Law 8 and 18 
Law 18 and 15 
Law 18 
Law 15 
Law 18 
Law 15. 


= A-\+BC 
*=A (\+B) + BC 
*= A + AB+BC 
= A (1 + C)+AB+BC 
=AA+AC+AB+BC 
=A(A + C) + BA+BC 
= A(A+C)+B(A+C) 

= (A + C) A + (A + C ) B 
={A + C) ( A + B ) 


=(A + B) A AC) 

. De Morgan’s Theorems : These theoren as are used in chang- 
ing Boolean expressions to equivalent forms. 

First Theorem : It states that the complement of a sum equals 
the products i.e. 

A + B+C+ ..-t-A r = A. B C....N 

Left hand side is implemented in fig. 14 (a) while right hand side 
is implemented in fig. 14(6). With the help of above equality it can 
be said that these two logic circuits are equivalent or in other 
words the circuits are interchangeable in regard to logic functions. 



A+B+C 


(a) Implementation of logic expression A+B+ C+ 

(NOT gate follows an OR gate) 


• • • 



A.&C. 


4 


(6) Implementation of logic expression T J C. 

Fig. 14. Equivalent logic circuits (De Morgan’s first theorem). 

Second De Morgan’s Th eorem : It states that 

A-B.C 4,7T + ...-fjy 

Both sides of this equation have been separately implemented 
through NAND gate (fig. 15a) and NOR gate (fig. 15*) respectively 
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By above equality it is inferred that the two logic circuits (fig. 15a 
and 156) are equivalent. 

/I 

3 

0 

(a) Implementation of logi: expression A.B.C ... (NOT gate follows 

an AND gate i e it is a NAND gate) 



(6) Implementation of logic expression A +B 4 -C(an OR gate follows 

a NOT gate i.e it is a NOR gate) 

Fig. 15. Equivalent logic circuits (second De Morgan’s theorem) 

Procedure to apply De Morgan’s theorem : Following steps 
are used to determine equivalent forms using the De Morgan s 

theorem : 

(,) complement all variables including output variables. 

(«) change all AND to OR gates. 

(i/t) change all OR to AND gates. 

(tv) complement both sides of equations to obtain the origi- 
nal resultant variables. 

The procedure is called demorganization. 

Ex. 1. Demorganize the function A.B 
) Given AB 

Step 1. Complement all variables A.B 

Step 2. Change AND gate to OR gate A+B 
Step 3. No change 

Siep 4. Complement variables A + B 

Thus we get _ _ 

A 'B=A + B 

> Ex. 2. Demorganize the function A B+C. 

Given a'B + C _ 

Complement function A B+C 

Cnange operators (A + B) (C) 

Complement variables (A \-B) (C) 



i 
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25 8 m R ! h UC,ng BOOLEAN EXPRESSIONS : 

for reduction in of . hardware and therefore 

elements of hardware “ Tte «SS a i r ? Uiri ; g SmalJer number of 

laws discussed in a -t 25-7 I®" J l f rocedure « to use the 21 

following points : ' help can be sought from the 

00 Look ^ or tdemfca^termrr H ary *° r r emove Parentheses, 
them. atlcal ,erm s and using Law 12 drop one of 

This term can b e^dr o p*p cd? b ' Fo ? e x am^l f * ' ° * he Same term - 


(fv) 

variable. 

dropped. 


or 


BBC — 0.C Law 9 
=0 Law 6 

^f^one varia^e^ — 1 are identical except for one 

For example a m ' SSmg ’ the lar S er term can be 
ABCD+ABC=ABC(D+\) Law I8 

Zl BC1 Law 11 

ABC Law 7 

Law 18 
Law 13 
Law 7 


ABCD+AB C D 


-ABC(C+C) 

ABD.l 

ABD 


Ex. 1. Reduce th 

Dem organize aB 

Reduce 

Reduce 

Rearrange 

Reduce 
Reduce 
Convert 


A+B+A+AB 

a+b+aIT 

A+B+A 

a+a+b 


1 

0 


Law 21 

Law 12 

Law 20 

Law 14 

Law 13 
Law 11 
Law 2 


Law JL 

logic^trTm °eiy 8 ^»urs ° ©“shirt “w ■*i ge t 1 ? raic expreSsion , into t 

toward the input. For example, let us convert t^Spres^on ^ 

• , , . A + BC 

into logic diagram. We note that : 

Thus^at o r u tT Ted funCtl0n So 14 must be an invert of A+BC. 

P b-re is an inverter whose input will be A+BC. The 
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circle is at the output end of the triangle indicating that when 
S+£C is high (1 state), A-\-BC is low (0 state), 

w 



(a) Step (t) 

( ii ) Now we consider input A-+BC of invertor. Obviously it 
*>s output of an OR gate. Therefore draw on OR gate with two 

inputs A and BC. 



A+BC 


• (b) Step (iib_ 

(Hi) Next consider input term BC of OR gate. It is an AND 
functionjjf B and C. Therefore draw an AND gate with two 

• inputs B and C. 

! 



A+BC 


(v) Next consider input term B of AND gate. It can be rep- 
resented by another inverter with B input. With this inclusion, 
the logic diagram is complete. 



V 


{df) Step (iv) Logic diagram for algebraic expression A + BC 

Fig 16. (a), (by, (c), id). 

« 9. ARITHMATIC CIRCUITS : EXCLUSIVE-OR GATES 
(XOR Gate) : 

Some of the fundamental arithmatic circuits, used in dig'tal 
computers, are exclusive OR gate (XOR gate), the half and full 
Adders. They are being described below : 


. The Exclusive OR Gate (XOR gate) An exclusive OR gate 
I s s h?wn in tig. 17 (a) with its logic symbol in fig. 17 ( b ). It has 
wo inputs and one output. If the inputs be denoted by A and B 
en lts output is given as — 


Y A B-{ A B 


V i'-Vs-i |\ IS 
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Fig. 17. (a) An exclusive OR sate. 


t , * n or ^ e 1 r to develop its trutl 

as follows f ° n ' he iRpUt value 


(0 when A=0 and 5= 0, 



Fig. 17. (b) Logic symbol of 

OR gate. 


so that ,4 = 1 and 5=1, 7=0.1 + 1.0=0+0=0 

00 when .4=0 and 5=1 


80 that A=l and 5=0, 7=0.0+11=0+ 1 = 1 

(/«) when A=1 and 5=0 

so that A=0 and 5=1, 7= 1 . 1 +0 .0= i + o= 1 

(»v) when A—\ and B~\ 

so that A= 0 and 5=0, 7=1. 0 + 0.1 =0+0=0 

We tabulate it as follows : 



We observe from truth table that Output Y is a 1 only when 

me of two inputs is 1 but not both. Hence the name exclusive 
OR. Symbolically, we write XOR operation as 

Y=A © 5 

XOR operation is also called mod-2-addition and rules of addition 
are 
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v , &V 

< 1013 


0 ® 0=0 
0 ® 1 = 1 
1 ® 0 = 1 

1 © 1=0 


/ - 
/ 


Aj 


\ 


From these rules we conclude that mod-2-additkm is binary 
addition if we negltct to take into account the carries. Fig. 18 (a) 
and 18 (6) also show the another implementation of XOR gate as 
indicated by the corresponding truth table. 


I 




A o 




L> 





/Cl 




"pi 


Tv So 



(A + 6) 



y= 

(A +8)^8 


9 m 

/r 


<*) 


I 


\ 


Fig. 18. Circuits having the same logics as of XOR operation. 
The truth table is as follows : 


Y=(A+B)lB 


i 


A 

B 

A+B 

AB 

0 

0 

0 

00=0= 

0 

1 

1 

oT=u= 

1 1 

0 

1 

To=o= 

1 

1 

1 

TT=T= 


I 

1 

I 

0 


0 . 1=0 

1 . 1=1 

1.1=1 

1 . 0=0 


* Thus output is a 1 only when one of the two inputs Is a l 
not both- an exclusive OR operation. * 

Applications of XOR gate : (i) Binary to Grav Code Cn* 

verier : An XOR gate can be used as a binary to Gray Code con' 
verier. Refer to art. 2J-4, Ex. 6. where m have Converted « 
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binary to Gray Code. The process of conversion involves addition 
of each successive bit of binaiy word and iqnori^g the carry .start- 
ing from most significant bit) which is infact a mod-2-addition i.e., 
an XOR gate operation. It has been shown in fig. 19. Binary , 
word 10] 1 in Gray Code is 1110 (See Ex. 6 art. 25‘4). The same ’ 
is obtained by mod-2-addition. 

For first from left XOR gate input A=l, 5= 0 so output 7= 1 
second from left XOR gate input A=0, 5=1 so output 7=1 
third from left XOR gate input A=l, 5=1, sooutput 7=0 





Fig 19. Binary to Gray Code converter. 

(ii) A parity checker : During operation, a digital machine 
fetches each word (a group of bits) from its memory. Thus words 
[a group of bits, r.g , macnine is to add two BCD numbers, 0100 
0000 (it is 40) with 0100 0101 (it is 45)] are moved around and it 
is very likely that 0 may change to a 1 or viceversa, i.e., an error 
may creep in. In order to check it, a parity bit is attached to the 
word Two kinds of parity bit exist : an even parity means an 
extra bit is attached to a group of bits to yield an even number of 
l's, while an odd parity makes the number of l's in a word odd. 
This new word can be moved and stored by the machine and we 
can Gheck for even or odd parity at different points to ensure that 
no error has crept into the word. Thus we need a check whether 
a word has even parity or odd parity. For this we require a cir-.« ^ 
cuit that produces a 0 for even parity and a 1 for odd parity. 

It can be done if we employ a mod-2-addition on each bit of a 
group of bits (a word) as shown in figs. 20 (a) and 20 ( b ). The 
output 7=0 for even parity and 7=1 for odd parity. 

The Half Adder : It adds two binary digits at a time and thus 
is a basic circuit for adders. When we add 1 and l,we ge 

sum=0 and carry=l. 

That is, 1^-/1 input 

1 <-B input j 

10 ' * 

tt 

| 1 — sum 

1 carry ! 
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(e ven parity ) ( odd p or //yj 

Fig. 20 (a) Fig.20(/>) 

Fi-j. 20 XOR gate as a parity checker. 

Thus while adding two bits at a time, we get, besides 
the sum, a carry bit. For sum we use XOR operation and carry 
is obtained by ANDing the two bits. In fig. 21 (a) a half adder 
(including a XOR gate and an AND gate) is shown. Its symbol is 
shown in fig. 21 ( b ). The truth table is given below : 



It is the simplest type of adder circuit since it does not have / 
a carry input. Its usefulness is limited to the lowest order bit of 
a multiple stage adder circuit. It can not be used for higher order 
bits since it does not have carry input. 

The Full- Adder : It adds three binary digits at a time and thus 
has a carry input. While adding 101 with 101, we get 

10 

+ 101 


1010 


1016 
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■o 


Carry = AS 



Sum-AQB 


Fig. 21 (a) A half adder. 


A O 


So 



Carry 

Sort 


Fig. 21 (b) Symbol of half adder. 

Carry— 1 S ° &t ^ leaSt significant column, 1 + 1=0 (Sum), and 

(ii) in next column, we have to add three digits because of 
Carry 0+0+ 1=1 (Sum), and Carry=0 

i i i n I )o Iiext c °lumn again we have to add three digits, 
1-)- 1+0=0 (Sum), and Carry=i 

Thus a full adder needs electronic circuits that can handle 
three digits at a time.. Two half adders and an OB gate arranged, 
as shown in fig. 22, give a full adder. Corresponding truth table is 
also given. We can write the above example as 

1 0 1 «-Carry 
1 0 1 tr-A input 
1 0 1 <-B input 


10 10 


Sui 


r 


f fez// Odc/er 


A3 (carry) 


AB+DC, 



o Carry 


o Sum 


Fig, 22. A full adder using two half adder and an OR Gate. 

Thus for third column next to least significant column, we have 
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second 


1 <-A input) f _ 

1 <-5input/° ffirst adder 


10 
L 


Sum of full adder 


xr 1 Carry of full adder 

- ^ew refer to fig. 22. With A= i , B— I , C— 0, we have 

L>=A@B=\@ 1 = 0, so that 

Carry of full adder=,4fl+ DC^ 1. 1 4. 0.0 
Sum of full adder= D@C =0©0 = 0 

Truth table of a full adder: 


= 1 



A 

B 

1 c 

Sum 

0 

0 

0 

0 

0 

0 

1 

1 

0 

1 

0 

t 

1 

0 

1 

1 

0 

1 

0 

0 

1 

1 

0 

1 

0 

1 

1 

0 

0 

1 

1 

1 

1 


Carry 


0 


0 


1 


0 


1 


1 


1 


. . L . - . cascading any number of full adders we 

can obtain an n-bit binary adder circuit, commonly called 3 para- 

lel adder. The drawback of such a circuit is longest signal delav 

appHedi me takeD t0 giVe ° UtpUt aftCr thC inS,ant the input is 

Suppose we are to add four bit binary numbers 1111 with 101 1 


then 


1 1 1 «-Carry 

1 1 1 1 -*r-A input 

+ 1011 +-B input 

11010 
t 


a i a* a x 
or m general +^ 4 b 3 b 2 b x 


over flow carry 
if sum exceeds 
four bits. 


^4 S 3 S t S 1 

t 

over flow carry 
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The first column requires only one half adder as only two bits 
are to be added and there is no carry, but all subsequent columns 
need full adder because we are to add three bits (t*o digits and 
one carry). A parallel four bit binary adder is shown in fig. 23. 



Fig. 23. A four bit binary adder. 


Subtraction : In order to subtract two four-bit binar 
numbers e.g. subtraction of b t b s b 2 b x from a t a t a 2 we first 
invert each Z>-bit to get l’s complement of b t b 3 b 2 b\ i.e. 

bi 63 b 2 b x and then add to c 4 a 3 a 2 ax in the following way : 

We know that subtraction of a number A from B is in fact the 
addition of A and —B. Thus an adder complements the magnitude 
if B and then magnitude of uncompensated number (A) is added to 

the magnitude of the complemented, B. If there is an overflow, 
called an end-around carry (EAC), it is added to the least signi- 
ficant bit (lib) digit of the sum and the sum will be of the same 
sign as that ol the- number that was not complemented (means of 
the sign of A). Further if there is no E*C, the sum is comple 
mented and the sign bit of the sum will be the same as that of the 
number that was complemented. A parallel four bit subtrator is 
shown in fig. 24. It uses four full adders and end around carry 
( EAC ). 
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2510. SIMPLIFICATION USING KARNAUGH MAPS : 

In order to reduce the cost of implementing boolean functions, 
boolean-algebra reduction techniques are employed. We discuss 
here a reduction short cut method, called Kernaugh-map reduc- 
tion (pronounced kar no). It is an efficient way of reducing boolean 

functions to a minimum form so that minimum hardware is requi- 
red to implement. 

A truth table shows the output for each input condition. A 
Karnaugh map shows the fundamental products needed to produce 
the output l’s for corresponding input conditions. 

Two Variable Karnaugh Maps : We shall construct a Karnaugh 
map from the truth table, taking as an example, of fig. 2' (a). The 

first step is to write X followed by X in vertical column and F 





X 

X 



y y 

x o o 

x / / 



(<0 («) 

Fig 25. Construction of K-Map from truth table. 

followed by Y in horizontal row, as shown in fig. 25 ( b ). We shall 
now find fundamental product required to produce l's output 
From truth table we observe that output, 1, is for two inputs 


I 
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Output (<4) 


Input 


Fundamental pro- 
duct for l's output 


Entry in Map 


(0 


I 


AT=10 


*7= 1(T= 1 1 = 1 


Enter 1 as shown 
in fig. 21 (c). It 

gives XT. 


(ii) 


1 


AT=11 


XY=U=\ 


Enter 1 more in 
the position shown 
in fig. 21 (d) so 
that it gives XY. 


(ii) For remaining spaces in the map, enter 0's. These zero mean 
that fundamental products are not needed for the corresponding 
inputs XY=00 and XY= 01. 

Thus fig. 2 5 (e) shows the complete Karnaugh map for truth table 
of fig. 25 (a). 

Multiple Variable Karnaugh Maps : We shall now construct 
a Karnaugh map for four input variables W , X, Y and Z. We have 
chosen four bit word because many digital computers use them. 
Truth table is shown in fig. 26 ( a ) and the corresponding K-map 
in fig. 26 ( b ). 


V 

X 

y 

Z 

A 


o 

o 

o 

o 

D 

o 

o 

; 

7 


o 

J 

o 

O 


o 

1 

; 

o 


/ 

o 

o 

o 

D 

1 

o 

7 

o 

D 

1 

/ 

O 

; 

D 

/ 

/ 

/ 


1 

o 

0 

o 

o 

¥ 

J 

o 

o 

; 

o 

¥ 

7 

o 

; 

o 

o 

r 

o 

/ 

/ 

o 

7 

/ 

o 

o 

o 

7 

/ 

o 

/ 

o 

r 

/ 

/ 

o 

/ 

7 

/ 

J 

7 

O 

J 


yz yz yz yz 


WX 


/ 


wx o 


o 


/ 


/ 


wx 


o 


o 


/ 


(a) Truth table 


o o 

( b ) K-Map for truth 


O 

tabic 


of fig. (a). 

Fig. 26. Four variable Karnaugh map 
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We observe from fig. 26 (a) that outpir I s appear for inputs : 


WXYZ 


1 


WXYZ^DUO 
WXYZ = 0111 
WYYZ= 1110 


WX Y Z = 1)I1 = 1 
W X Y Z=U\l=] 


W X Y Z=1 '11 = 1 
These fundamental products have been shown in K-map 


fig. 26 tb). 

Pairs, Quads and Oc'ets : 

Pair : Refer to fig. 27 (a), 
are horizontally adjacent where 


It contains a pair of l's that 


first 1 represents the fundamental product WXYZ 

second 1 i9 WXYZ 

Thus as we move from first 1 to the ’second l, only one variable 

goes from uncomplemented form to complemented form (Z to Z) 

while other variables W, X, Y do not change. Whenever this 

Happens , we can eliminate the variable that changes form, so that we 
can write the output as 

A=WXYZ-\-W X Y Z 
= WXY 

Similarly for fig. 27 (b), 

A — WXYZ-\- WXYZ 

— WYZ 

For fig. 27 (c), we have to separate pairs for which 

A=[WXYZ+WXYZ]+[WXY Z+WXYZ] 

= WXZ+ WYZ 

ted io "^simplification! “ U *“ n ‘ '’ S “ ^ 

Quad : Refer to fig. 27 (d) and fig. 27 (c). A ouad is » 
£mSi° f - f ° U J - 1 8 J^ hat &X a horizontal or vertically adjacent 

Wto fiV.T^t°, P e OU ' ° f ,l,e B °° lea " ^ 

A =J™f Z+ IVXtZ+ WXyz + WXYZ 
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A=WXYZ+ WXYZ+ WXYZ+ WXYZ+ WX Y~ Z+WXYZ 
+ WXYZ+ WXY Z 

= w 

because each variable except W has been complemented and so 
drop out. 


yz yz yz yz 


wx 

wx 

wx 

wx 


yz yz yz yz 
ivx o o o o 

wx o o o o 


Ci T) wx o o o 

o O wx o o o 


yz yz yz yz 

wx o o o o 


wx 

wx 

wx 


(a) Pair 

yz yz yz yz 

WX o O O O 

WX n n o n 


wx 

WX 


( b ) Pair 


1 V w 

O O O 

o o o 


(c) Pair 



(d) Quad 

YZ YZ YZ YZ 


wx 

wx 

wx 


wx 


r r r / 
/ / / / 


yz YZ YZ YZ 
wx ]~o o o cT 

W X rs r\ n n 


WX 


WX 


(e) Quad 

yz yz yz yz 

WX o o o o 

TTlp T 

WX / r T 7 

wx o o o o 


(/) Octet (g) Octet, Rolling. 

Fig. 27. Pair, quad and octet. 

Karnaugh Rolling : Thus for simplified Boolean expression 
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we look in K-map for octets, then for quads and finally for pairs 
. and cnc, rcle them. If possible roll and over’ap to get the largest 
groups. Fig. 28 shows an efficient way to encircle groups. If 
we take octet and pair in it then output 

A=[WXYZ+WXYZ~] pair 

+[W X Y Z+W X Y Z+WXY Z+WXYZ 

+ WXY Z+ WXYZ+ WX YZ+ W X YZ} 0 , 

= XYZ+Y 


tet 


But still more reduction can be achieved if rolling and cv-rlappinc 
is done. Then b 

4 ~ Y ( for octet above) + [ WXY Z+ WXY Z+ WXYZ+ WXYZ] 

~ Y+XZ 

Simplification of Boolean equation and its realisation through 


kuud 


WX 

WX 

WX 

WX 



yz yz 


WX 

WX 

WX 

WX 




o 

r _ 


*c//r 

O 

7 

/ 


7 

/ 

O 

/ 

7 

/ 


f 


(a>) 


(i) 


Rates • t * 18 ’ 29 ', K map and formati °n of quads and a pair. 

octets but the S re a arc a th«? a n P fig ‘ 29 In il there are no 

ere are three quads using overlapping technique. The 

\AJ r-. 


w x y z 

99 9 



<>A 
(i vx+wy' 

+WZ+XYZ) 

eq(,) 


Fig. 30. (a) Realisation of Boolean eq. (t). 
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remaining one is made a part of overlapped pair fig. 29 ( b ). The 

horizontal quad denoted by a corresponds to the simplified product 
trX. the left square quad denoted by (3 corresponds to WZ and 
right square quad denoted by T corresponds to WY. The simplified 
product for pair is XYZ. Thus sirnp'ified Boolean expression is 

A=WX±WY+WZ+XYZ ...(1) 

or A = W(X+Y+Z)+XYZ ...( 2 ) 

Using AND-OR gate network eq. (I) [fig. 30 a] and eq. (2) [fig. 
30 b ] can be realised. 


W XYZ 



Fig. 30 (b). Realisation of Boolean eq. (2). 

25 11. LOGIC GATE PARAMETERS : 

There are a number of logic circuit families available fro® 
various manufacturers. Choice between them is based on the co 
deration of following parameters : 

(i) Fan in and Fan-out : The maximum number of 
which can be applied to logic gate is known as ‘Fan-in . 
a 3-input NAND gate has fan-in of 3. 

The fan-out of a logic gate is the number of gates that can 
driven by it. Thus, if a fanout of a typical NOR gate is . 
it implies that this NOR gate can drive 6 such NOR gates. 


(ii) Noise Margin : It is the property of logic 


.1 - r maxima 

withstand unwanted noise signals at input and is rne P manc e 


wn.nsia.nu unwanieu noise signal* at mpu. , - p-formaDCe 

value of noise sign Is which a system can reject with p 
unaffected. 


(ii i) Noise Immunity : It is the voltage which when appl»5 d 


mage u^oe the 

as the input of a logic gate will cause the output to c 
output state for a given supply voltage. - agt 

(iv) Propagation Delay Times: This determines . ^ 

the logic system can operate. There is a definite time i 
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between the appearance of the output and the application of input 
to the gate. This time interval is called propagation delay. 

In other words, it can be defined as the time inte.v .l between a 
change in input state and the resulting change in output state. It 

is about 10 nano seconds for TTL gate. The delay for a single 
gate appears to be insignificant but becomes appreciable when gates 
are used in cascade. 

(v) Power Dissipation : From the point of view thermal, 
packaging, reliability, economy, it is better to have low power dis- 
sipation per gate which is usually from few microwatts to 50 ir.w. 
bor TTL gate power dissipation is 8 mw. High operating speed 
requires higher power and therefore a compromise between ope- 
rating speed and power dissipation is desirable. 

25 12. LOGIC FAMILIES : 


A number of logic families are available in the market. Resistor 
Transistor Logic (RTL) was the first family of logic circuits esta- 
blished. It offered high performance but low noise margins. The 
next family introduced was Diode Transistor Logic (DTL) which 
was slow but having better noise margins and larger fan-outs. The 

third to be introduced was Transistor -Transistor Logic (TTL) 

This provided greater operating speed than DTL. It is the most 
popularly used industrial family. Thus logic families are classified 
according to the various characteristics and for a particular appli- 
cation, proper choice may be made. 

it is to remembered that logical 1 and 0 are represented 
in most modern logic systems, by voltage levels. Posi'ive logic 
(for active high levels) means that the most positive logic voltage 
level (also referred to as the high level) is defined to be the logical 
1 state, and the most negative logic voltage level (as referred to as 
the low level) is defined to he the logical 0 state. Negative logic is 
just the opposite -high level is a 0 and low level is a 1 It is the 
preference of the designer to opt for positive or negative logic 

2512-1. RES^f^RTRANSISTOR LOGIC (RTL) ; 

In thiMmily logic is performed by resistors and transistors 
and we can realise inverters. NOR and NAND logic functions 

A typical NOR/NAND circuit is shown in fig 31 The 

gating is performed by resistors, and, in this case, the* cate itself 

(Ri, R 2 , R 3 and iijl is a negative OR a positive AND gate depen- 
ding upon the de'inition. b H 

Operation : If all inputs arc at zero (ground), then divider 
action of the resistors places a positive voltage on the base of pnn 
transistor and it is off. Thus the input is at — V ^ ^ 

Now if any input goes negative, the transistor conducts and 

the output falls to ground. If more inputs go negative the ouicut 

output is at ground (NOR) Conversely, if /I AND j? AND G 
are at ground, the output is at - V ee (NAND). L 
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Fig 31. RTL circuit 



Fig. 32. RTL circuit. 

. Parameters : Referring to fig. 32, parameters of the logic 
circuit are : 


Fan-out 4 

Noise Margin 0’2 volts 

Propagation Delay 12 n sec 

Power Dissipation 30-100 mW 

Power Supply voltage 3*8 volts 

(F„) 
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Advantages and Disadvatages : 

In RTL, resistors slow it the switching speed of the ciicuit. Thus 
RTL have low operating speed. Since there are only resistors to 
isolate one signal from another, there is a possibility of cross talk 
between inputs i.e. input A is fed a voltage change can be evident 
at input B. Consequently RTL has relatively poor noise immunity. 
The advantages of RTL is it# low power dissipation. 

25 12 2 . DIODE TRANS^TOR LOGIC (DTL) : 

DTL logic circuitV4re shown below. DTL AND circuit is 
shown in fig 33, D 1 L OR circuit is shown in fig. 34 and DTL, 
NAND circuit is shown in fig. 35. 

We assume positive logic inputs of +5V for the logic state 1, 
and 0 V or ground for logic state 0. 

DTL AND Circuit : Circuit is^hown in fig. ?3. If any input 



Fig. 33. DTL AND circuit. 

» at 8 r °und or logic 0, its diode is forward biased through R 

Consequently voltage at X is clamped to ground and the transistor 
is cut off The output is low (at logic Oj. 

If all inputs are at logic 1 ( + 5K), diodes do not conduct and 
voltage at X is +5K (logic 1 level). The transistor conducts heavily 
10 duration so that output is high (at logic 1) 

DTL OR Circuit : Circuit is shown in fig. 34. 

If any input is at logic 1 (+5K), its diode is conducting and 
Y appears at X. The transistor is in saturation and the output 
is high (at logic 1) If all inputs are at ground (logic 0), all diodes 
cio not conduct and the voltage at X is zero. Consequently the 
transistor is off and the output is low (at logic 0). * 

DTL NAND circuit : 


itc /1 9'*F cu > t . I® shown in fig 35. If any input is at ground (loeic m 

and W "' be fo ™ ard bias S. d - vol,a « e al x « clamped to ground 

. the transistor Q y is cut off. This prevents anv base current 

(logic state) ded t0 Q: ‘ ThUS Ql ' ViU CUt 0ff ’ leavin 8 P oint D high 
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Para 


1 1 


eters : 


Fig. 35. DTL NAND circuit. 


Fan out 8 

Noise Margin 0‘7 V 

Propagation Delay ~ 30 n sec. 

Power Dissipation 60mW 


Power Supply Voltage +5 V 
(V 4e ) 


Advantages and Disadvantages : , 

The DTL circuit switches faster than the RTL circ uit beca 
the signal passes through the l ow forwa rd resistance of the dl . 
to the transistor. A fan out as high as 8 is possible 
high input impedance of the subsequent gates in the 1 state, 
of diodes rather th an resistors and capac itorosakesJfr 6 - w 

circuit more economical in integrated circuit -foim. K ^ as 0 
power dissipation. 
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Disadvantages of this circuit is its poor noise margin and low 
operating speed. 

25 12-3. TRANSISTOR TRANSISTOR LOGIC (TTL) : 

A TTL NAND gate is shown in fig. 36. It uses a multiple- 

emitter configuration for an input transistor inplace of diodes of 

DTL, giving greater speed of switching. 



/30a 






Operation : 


Fig. 36. TTL NAND circuit. 


U both A and B are high (logical 1) then Q l has. no emitter 
current, but its base-collector junction is forward biased and there- 
fore it will supply a base current to Q 2 which, in turn, feeds base 
current to Q A , causing it to conduct. We get an output. Note that 
collector of (? 2 goes low and cuts off £)„. 

. ^ either A or B goes low (logical 0), then will have base- 
emitter current placing Q 2 to ground and thus Q 2 is cut off. Conse- 
quently, collector of Q t will go high and cause Q t to conduct and 
Vi to cut off. Thus we again get output. 


Thus we get an output in both the cases. 

Parameters : 


Fan out _10 

Noise Margin CM V 
Propagation Delay 7*10 n sec. 

Power Dissipation 100 m W 
Power Supply Voltage + 5 V 

Advantages : 

The multiple-emitter transistor replaces combinations of 
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diodes, resistors, and transistors found in other logic circuits. Thus 
its geometrical size is small. Smaller size yields lower costs or 
more functions or both per given IC chip. Other than low cost 
advantage, it has high operating speed, and high fan out. 


25 12-4. EMITTER COUPLFD LOGIC (ECL) : 

This logic is designed for fast switching speed. It is the only 
family that does not operate fully saturated or cut off. Output 
levels are -0-8 V for logical 1 and — T8 V for logical 0. A basic 
emitter-coupled logic gate is shown in fig. 37. 



Fig. 37. Basic ECL Circuit. 

The emitters of logic transistor Q 2 and Q a are coupled to 
the emitter of a reference transistor Q t . The common-emi 
resistor R B is high and acts as a constant-current source. The a 
of Q t is connected to a reference voltage V bi . 

Operation : 

If all the inputs are near ground potential (logical @}’ 
and Q 3 are cut off. No current flows through Ri and the co 
collector potential rises toward V ee . This drives Qa into co 
tion. Consequently the output from the emitter of Q b goes p 
to give a logical 1 output. 

If one of the inputs is made positive and higher than 
erce voltage V& (logical 1) then current will flow g then 
associated transistor of that input. The collector Potent - ves a 
fall, causing a fall in output from the emitter of Qt- 
logical 0 output. 
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Advantages : 

Note that emitter coupling prevents the transistors from going 
into saturation because, with R E acting as constant current source 
as current through logic transisto ( Q u Q % or 0 S ) increases, current 
through reference transis’or. Q K , decreases. This prevention from 
going into saturation impar.s a very fast switching speed to the 
circuit, of the order of only a few nanoseconds. Power dissipation 
is relatively high, typically 50 mW. The use of an emitter follower 
output circuit gives a very low output impedance, allowing a very 
high fan out of upto 25. 

Such a logic f mily is preferred only in the largest computers 
where many disadvantages '.an be suffered for the sake oi high 
operating speed. 

2513. SEQUENTIAL CIRCUITS : 

The five basic logic gates AND, OR, INVER I ER, NAND, 
NOR) are classified as combinational logic circuits. A combina- 
tional logic circuit is a logic circuit without feedback. The out- 
put of such a circuit depends only on its external inputs. A sequen- 
tial logic circuit is a logic circuit wiih feedback. Its output depends 

on the external inputs as well at the / resent state of its outputs 
which are fedback. ’ 


Combinational logic circuits have no memory and can operate 
as fast as the devices of which they are made whereas sequential 
ogic circuits have memory and are general, y made to opeiate at 
the speed of a master clock which provides square wave timine 
pulses There are two.types of sequential logic circuits : synchro- 
nous (timed or clocked) and asynchronous (untimed). In the 
iorthcoming articles, we shall describe sequential circuits 


2514. 


FLIP-FLOP (BISTABLE Or MEMORY CIRCUIT! • 
S-R FLIP-FLOP : ' * 


A bistable multivibrator or flip-flop has two stable states and 

ann! VH y m o° ne possible states after an input has been 

upplied. Since the state does not change following the removal 

of the input, the flip flop is a 1 -bit memory or storage device 

ratinn e tl U f r d n crib - a SR £ istable multiv >brator circuit. Its ope- 

sIKin^ 18 as T r hr0n0U \ Th .e wa y in 'vhich it is labelled 
IS snown in fig. 38. This is most basic and useful seauential Inair 

circuit, consisting two cross-coupled NOR gates (can also have two 

R (reset) inputs and two outputs, which arc complementary to 
e ach other, denoted by Q and Q. 

Since sequential logic circuits have feedback, the output signals 
(on logic lines Q and Q) not only depend on the external input 
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signals (on logic lines S and k) but also on the initial output 



Fig. 38. S-R latch logic circuit using two cross 

coupled NOR gates. R -reset, 5-set 

inouts. Q and Q outputs. 

signals (on logic lines Q and Q themselves). The initial signals on 

logic lines Q and Q are referred to as the present state signals or 
simply the present state. After S OR R or both S AND R change, 

the signals that appear on logic lines Q and Q are called the next 
state signals or simply the next state. We shall use Q„ and Q n h 
to denote the present and next state of the flip flop. Since it may 
store one bit of information (either Q= 0 or Q= 1) it is called as 

1 “bit memory, and since this information is locked or latched, this 
flip flop is also called S-R latch. An S-R latch is called an 
asynchronous circuit since its inputs are not timed or synchronised. 

S-R latch circuit (fig. 38) has four different input possibili- 
ties (but only two states, high and low’ for output logic line Q or 

Q). The outputs for these four possible inputs are being descri- 
bed below : 

(i) As long as both input lines S and R carry 0 signals, the 
flip flop remains in the same state, i.e., for 5= 0 and R- 0, value 
of Q is unchanged and Q„ +1 =Q n . 

(ii) A signal on the R line and a 0 signal on the S line cause 
the flip flop to reset to the 0 state, i.e., for R = l, and 5=0, 
regardless of the values of Q n , Q n+1 will be equal to 0. 

(iii) For inputs 5=1 and R=0, regardless of the values of 
Q, I, 0n+i will be equal to 1. 

(iv) Inputs 5=1 and /?=1 at the same time is forbidden. If 
this occurs flip flop can go to either state because input is telling 
the flip flop to go to both set and reset at the same time. Thus 

for 5=1, /?=1, Qn+i—Qn+i=0 or 1 which is not allowed. We can 
put above output/input correspondence in a truth table (for fig. 
38) as follows : 
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5 

R 

Q 

Q 

O 

0 

Q 

Q 

0 

/ 

0 

7 

/ 

0 

i 

0 

/ 

/ 

NO 

w • 


s fate /s the 
sc/we as 
before 


Hot c/ef/red 


Thus we conclude that : 

(i) 5 - R latch is a two stale sequential circuit. For R=0 
and 5=0, the next state is equal to the present state cf the circuit. 
Thus the next state of this circuit is a function of its present inputs 
and its present state. 

(ii) S-R latch state time depends solely upon the delays of 
the two NOR gates and is thus asynchronous. 

(iii) S-R latch is a memory element. To store a binary 
digit 0 we apply 5=0, and R=\, and to store a binary digit 1 we 
apply 5=1 and R=0. Thus information remains in the latch as 
long as the inputs R and 5 are kept at 0 and the power supply to 
the device is kept on. 

The operation of SR latch is more easily followed by the 
circuit representation of fig. 38. This is shown in fig. 39. 



Fig. 39. Circuit representaiion of fig. 38. 

To produce a logic 1 at the output terminal Q and a logic 0 

at the output terminal Q, it is necessary that (9, be conducting 
strongly and that Q x be cut off. To achieve this state, we can apply 
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cause* V t ( o 0r r s f Ve) , V0,tage to the terminal marked S. It will 
Q* go strongly into conduction and thereby bring the volt- 

the bas^ofV?^ esseat ' a ^y to zero. With a zero voltage at Q, 
cut off and hs ciT ** , receiving an y current so that £, will be 

This high vohaTe afowii ^ ^ essentia,] y ec ^ ua, t0 + V "‘ 

of0, is sameasthat^f ^ d Cjint ° conductlon so that state 


posit Jv°eroh^V- heSta r e y' e -’ e at Iogic 1 and 0 at logic 0, a 

Assume Q at logic, 1 which implies that Qr and Q x are off. 
But as Q Is connected to the base o f Q„ Q is at logic, 0. If we 
now apply a logic, 1 pulse to R, Q R saturates and Q changes to 

logic, 0. Due to cross coupling Q changes to logic, 1. (Thus when 
1,5 0, Q— 0, Q= 1, see truth table). Now when S is set at 


a logic, I, the output Q becomes logic, 0 and Q goes to logic, 1 

(Thus when 5=1, R=0, 0=1, Q^O see truth table). 

Thus, a set input, 5=1, yields Q at logic 1 
a reset input, /?= 1, yields Q at logic 0. 


Clocked Flip Flop: S-R latch discussed above is asynchro- 
c us circuit and acts as a shoit-term memory, remembering whe- 

a Se J or re * et P u J s e was last applied. Such circuits arc not 
preferred in industry because they are generally harder to analyse 

an des.gn. Sometimes we wish lo control the operation of the 
se reset operation* wiih a clock or timing pulse. The operation 

ot a set (or reset) pulse is delayed until a clock pulse appears. 

^ucn an operation is timed and is called synchronous switching. 
Keaders will find any book on digital concepts us ful for detailed 
study in adcnion to art. 25*16. 


25 15. CLOCK PULSES (CP) : 

In many applications, it is desired that- throughout the digital 
system, signals may move in synchronism. "This is achieved by 
controll ing t he states of flip' flo p b y clocked pulses or trigger 

pulses produced by p mnc:t> r clnd \ which is an accurately controlled 

oscillator. — producing a train of pulses similar to that shown in 
fig. 40. 

Some features of clock pulse are : 

Jjy' pulse duration is much smaller than the period of clock 
rate 7333 k cjs for pulse in fig. 40), 
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Po/se 

c/vra// 'off 0#e 6// t/zne 



Q n 


Q, 


n+j 




f 3 as sec. 

0‘3ao sec. 

Fig. 4o. A typical clock pulse (C/’J waveform. 

(ii) time between pulses is called one bit time and may vary 

from less than 1 p sec. to over 15 p see. in computer involving 

many operations. This provides the time for certain operations 
to take place within the computer. 

(iii) in clocked flip flop, the change of state on applying an 

input can take place only during the application of a clock pulse 

or change of state only occurrs on the rising and falling edge of 

the clock pulse, if, following one clock pulse, a flip flop output 

is designated by Q nt the state following the next clock pulse is 
designated as 0 n+] . 

2516. RS/T FLIP FLOP Or CLOCKED FLIP FLOP : 

In such a circuit, action of flip flop is controlled by pulses 
hy . , a controlling oscillator elsewhere in the system 
Clock. These are called clock pulses or trigger pulses 

Circuit is shown in fig. 41 (a). Suppose point 5' is at + v cc the 
So a V °d ta s? e « a "f R I 5 3t u Cr ° V °‘ tage funded) i.e. R is at 

drfuh At Ca v bC dra ^ n f 10 fig> 41 <*>• 11 acts as a differentiating 
posh ve foltSrh Peak ’ * h r d i° de A Wil ‘ n °t c °nduct because 

r ~ C K peakd A° de W [ U conduct and the negative pulse will 

fttrSoI baSCOf0lSOthat0llS6rOUg ^ /n,OCU,o ^ whi,c & is 

ed.eXlSf 601 , ° f Cl ? Ck PU,SC 0n 5 is different. At leading 

» i: s puU a a e p d er t z sSi v :M s - »» 

produce sufficienl vo ,'age to turaVoT TulVn ‘ hi f “T n0 ' 

by the incoming clock pulse * h “ S Ql IS not affcc,ed 


0*-- 


c/oc/c po/se (CP) 


Fig. 41 (a) Clocked RS flip flop. 


C, 


Positive peak 


faga//>e peak 




rc 

M 9 ^ 


+ & 


edge of ^2% °‘ 

CP cp 


Fig. 41 (6) Action of C X R on clock pulse. 
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Suppose now voltages at R and S are reversed i.e. R is at 
logic 1 and 5 is at logic 0, then due to clocked pulse, O, will be 
turned off while Qi will be brought into conduction. 

To apply logic 0 to R and logic-1 to S or vice versa, we simply 

connect them to output terminals Q and Q because such voltages 
are already available at these terminals. Then circuit appears as 

shown in fig. 41 ( c ). Hence if we connect terminal S to Q and R 
to Q, the voltages at R and S terminals would be correct and all 
incoming clock pulses from c'ock generator will be directed to the 
proper transistor, determining which transistor will conduct or 

cut off. Thus condition of output voltage at Q and Q is directly 
determined by the incoming clock pulses, and every time such a 
pulse is applied, there is a change in the voltage condition at these 
output terminals. Thus clock pulse controls the action of flip flop. 

A Gate Circuit : A functional block diagram of a clocked 
flip flop is shown in fig. 41 (</), along with its symbol. The 
truth table is given in fig. 41 ( e). Its circuit consists of a NAND 



Circv/f 



symboh , JW flip flop. 
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gate R-S flip flop whose input are gat,d (steered) by the clock 
pulses fed into two additional NAND gates. Due to inversion at 

input gates, Q now appears on the ‘same line’ as S while Q on 
the ‘same line’ as R (in contrast to R-S flip flop. See fig. 38). 

In its symbol, two additional inputs (not shown in the circuit) 
called direct set ( Sd ) and direct clear (Co) are shown. They permit 
direct setting and clearing of the flip flop wthout regard to clocc 
puls input. If it is desired to clear the latch i.e., the output be 
Q=0 when CP— 0, then operation is performed by programmine 
the clear innut (C P ) to 0 and preset input ( S D ) to 1 (that is, 
Cd = 0. Sd= 1 and CP= 0). Similarly, if it is desired to preset the 
latch into 1 state then operation is performed by programming 
Sd= 0, Cd = 1 and CP = 0. The Sd and Co inputs are called direct 
or asynchronou inputs as they are not in synchronism with the 
clock but may be applied at any time in between clock pulses. 
Once the state of flip flop is established (asynch r onously) the 
direct input can be maintained at So=l and Co=l before the 
next pulse arrives inorder to ‘enable’ the flip flop. 

The transitions of the states of the elected R-S flip flop can be 
described by its truth table. The condition R-S= 1 results in 
undeterminate state. The reason is as follows. With inputs 
R=S= 1 , the outputs of the fiist two NAND gates will be 0 when 
clock pulse is applied. Consequently, both outputs from the 
second two NAND gates will be 1, indicating cut off in the outpu 
transistors. Now after the passage of clock pulse, both of th c 
output transistors will try to go into conduction and since due to 
circuit imbalance one transistor will go into saturation faster than 
the other, the resultant state will remain indeterminate. Thus a 
condition R=S=l must be avoided in R-S flip flops. A method 
to avoid this ambiguity of output for 1-1 input is found in J-K 
flip flop. 

25 17. J?K FLIP FLOP: 

F1^42 (a) shows the block diagram, symbol and truth table 
of a J-K flip flop. It is simply an R-S flip flop with two AND 
gates at the inputs. 

We note that there are cross connections from output to J-K 

inputs. Q is connected to J input while Q is connected to K input. 
Its effect is that it provides a means of steering 1-1 input to the 
necessary S or R terminal to provide a change of state at the out- 
put. For example, suppose before CP is applied 



2=1, and Q — 0 
1 — 1 input at J and K 


and let 
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then> as they are AND gates, at the input of 

J gate is 1, 0 
K ga'e is 1, 1 

so that at outputs of these gates, 

5 will 0 (low) 

R will 1 (high) 

of flip fop^ ^ Ci ° Ck FUlSS arrivcs > this wil1 make the outputs 

Q= o 


and Q— j 

J a h ph S i^ han | e n° f state has occu rred. It means state will change 

state tn tn C H ap P ears flip flop toggles from one 
in rnimf C 0t ^ e 5 at eac ^ property makes it very useful 

havem H r appl, , Catl T' Note ,bat m the symbo!, fig. 42 (6), we 
nave used T in place of CP to show this property. 


i 






(c) Truth tabic. 
J-K Flip flop. 


(b) Symbol. 
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25 18. MASTER SLAVE J-K FLIP FLOP : 

In some clocked J-K flip flops, there may still be some ambi- 
guity in the output when J=K= 1 input is applied. This arises due 
to a race around condition in which the change in state of signals Q 

0 fed back from output to input of AND gates on applying CP, 
may cause an oscillatory condition for the duration of the clock 
pulse (C/°). Therefore when CP ends, outputs may be quite arbi- 
trary, depending upon the propagation delay through the flip-flop 
and the duration of CP. 

A circuit to aviod this race around condition is called a J-K 
master slave flip flop. Its simplified diagram is shown in fig. 43, 
while a bi t descriptive in fig. 44. 


Preset 



Fig. 43. Simplified block diagram ot J-K master slave flip-flop. 

As is obvious from the figure 44, at the input of the slave, 

trigger (CP) appears after inversion. As T— 1, Twill There 
fore slave R-S flip flop cannot change its state (inhibited) a " 
is invariant for pulse duration. This is the situation ; s 

is enabled. But when trigger pulse passes, 7’=0 so that 

inhibited and as T = 1 . slave will be enabled. Since slave is a R 
flip flop, its operation follows R-S flip flop truth table. 

If S--0 m =l and R=Q m = 0 j 
then Q= 1 and 0 = 0 ) 

If S=0 m =O and R = Q m = 1 j 
then 0=0 and 0=1 j 

Thus in the interval between clock pulses, the value of 0m lr 
ferred to the output 0 (or Q„ is transferred as 0). Erratic be 


N 
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Fig. 44. J-K Master slave flip flop. 


viour does not occur during the clock pulse, because the cross con- 
nected feedback is from the output of the slave to the input of the 

master. Since the outputs Q and Q do not change during the clock- 
pulse, no oscillations can take place. Thus possibility of arbitrary out- 
puts when CP ends are removed. 

The D type Flip-Flop :In this type of flip-flop, there is no possi- 
bilty of ambiguous state. This is achieved by providing J-K flip 
flop with an inverter on one of the input lines. Thus only one 
data input (£>) to the flip flop is necessary. Its symbol is shown in 
fig. 45. 

I 

I 

I 

I 



Fig. 45. Symbol of D-type flip flop. 

If D — \ (and Q= 0) then Q does not become 1 until CP— 1 
That is, the output after CP, equals the input at D before CP 
Therefore it is thought of as a delay ( D ) type of flip flop. The bit 
on D line is transferred to the output at the next clock pulse and 
hence this unit functions as a 1-bit delay device and is used as a 
temporary storage device. It is known as a 1-bit bistable latch 
25 19 COUNTERS : 

A counter can be described as a tallying device that tallies or 
counts, some number of events. An electronic counter needs that 
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the data be converted into electric pulses, each of which represent 
one bit of information, or one happening. These pulses are intro- 
duced at the input and the counter tallies each and every one 
keeping a cumulative total. 

When several flip flops are connected together in a certain 
way, they form a counting chain that is capable of actually count- 
ing or tallying events. Consider four interconnected flip flops as 
shown in fig. 46. {a). The pulses to be counted are applied to 
the first flip flop. The negative-going pulses have been considered. 



outputs are high 


after CP= is 

Fig. 46. ( a ) 4-bit ripple Counter showing a count of 16 and 13. 

( b ) Waveform of flip flop output. 

The output of first flip flop acts as the trigger input to the 
next flip flop and so on. Assume that all flip flops have been 
cleared by a 1 on all Co inputs. The function of the chain of nip 
flops as to how their states change, i.e., their outputs become higi 
(a 1) or low (a 0) can be described as follows, remem- 
bering that flip flops can change their state only at the falling 
edge of a CP : 

(/) After one CP (say first CP) : After one CP, the output 
of A goes high (Qa — 1). It becomes high at the falling edge o 
first CP. The second flip flop will not be affected by the post >' 
going edge of the first CP. 

(it) When second, fourth and eighth CP arrives : At the 
edge of second CP, first flip-flop. A, again changes its state s ° . 

Qa=0 (a low). Thus we get the falling edge of Qa at W ]! 1C „ nes 
second hip flop B, will be triggered and then its output, Cb, g 
high (a 1). It will remain in this state until two more CP (n 
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bered 3rd and -th in fig. 466) occur. This is because falling edge of 
Qa will occur only at the arrival of fourth CP. At the falling edge 
of Qa (the input of flip-flop B) second flip-flop changes its state so 
that Q b = 0 (fig. 46 b). 

But with Qb — 0 we get the falling edge of Qo at which the 
third flip-flop, C, will be triggered so that its output Qc= 1. It 
will remain in this state until the arrival of eighth CP because 
falling edge of Q B will occur only at the arrival of eighth CP. At 
the falling edge of Qb , third flip-fip changes its state so that 0c = O 

(fig. 46 b). 

But with Qc = 0, we get the falling edge of Q c at which the 
fourth flip-flop D will be triggered so that its output goes high, 
i-e., 2d— 1. It will remain in this state until the arrival of six- 
teenth CP because falling edge of Qc will occur only at the arrival 
of sixteenth CP (fig. 4 i b). 

(Hi) Arrival of sixteenth CP : After 15 clock pulses, all the 
flip-flop Q outputs are high (a 1). Thus when the sixteenth CP 
arrives to reset A, all other flip-flop are reset i.e. outputs Q A , Qb , 
Qc and Qp all go low (a 0). The circuit then starts to count once 
more. This is called a scale of 16 counter. Fig. 46 (c) shows the 
state of the flip-flops at each count. 



Fiit. 46. ( c ) Table showing state of flips flops at each count. 
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Other Uses of this Circuit : 

(0 To decode a count of 13 : Refer to the table fig 46 (c). At 
count 13, Qa = 1, (?b=0, Qc— 1, Therefore togetacountof 13, 

we use a four input AND gate with Q A , Qb , Qc and Q D as input. 
All inputs are a 1, i.e., Q A = 1, Q B =\, Q c =\, Q D =\ so that 

Qb — 0. Thus we apply 1101 at the input of AND gate and get a 
count of 13. We note that most significant bit (MSB) is D while 
leas, significant bit (LSB) is A (tig. 46 a). 

07) As frequency divider : From fig. 46 ( b ), it is clear that 
the frequency of output from A is one half that of CP and 
the trequency of output from B is one-quarter that of CP. 

It leads to the way of designing ‘divide by—’ counters, e.g., 
‘divide by 60’ etc. 

25 20. BCD DECADE COUNTER : 

A binary coded decimal (BCD) counter is shown in fig. 47. 
The counter will reset itself to zero after a count of 10. Forced 
feedback is used to return the counter to a reset state after nine 
natural binary counts. On count 10. all the outputs are low, i.e. 
outputs of all flipflops are 0. Truth table for this counter is 
thus same as for a scale of 16 counter upto and including count 9. 



Fig. 47. A ECD decade counter. 

The operation can be briefed with the help of truth table 
(fig. 46b) as follows : 

(/) At the falling edge of every CP , flip flop A changes its 

state i.e from a 1 to a 0. and vice versa. 

(ii) Flip flop C changes its state every time B changes from a 
1 to a 0, i.e.. at the falling edge of Qb (fig- 46b). Thus trigge- 
ring of flip flop C depends upon the output of B. 

<iii) Flip flop B changes its state when Q A goes from a 1 to 
a 0 (i.e. at the falling edge of Q A , fig, 46b) , except on tenth pulse 
From fig. (46b), we note that though at falling edge of tenth pulse 
Qa goes from a 1 to a 0 but Q B will not rise from a 0 to a 1. Jae 
reason is that because now Q D has also become a 1 and as it < 
fedback to the input of B, the input of B remains high (a 1) an 
thus its output Q b can not change its state, i.e., it continues to oe 
a low (a 0) In otherwords B is inhibited from changing back to 
1 at this time. 
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Thus at the arrival of tenth pulse, Qa goes from a 1 to a 0, 
Q b is forced to 0, and Qc= 0 (already low). Since Qb — 0, Qc — 0 
there will a l at the clear input, C, of the flip flop D so that Qo 
will also be a 0 Thus Q outputs of all flip flops go to a 0 i,e, 
counter resets itself to zero, to be ready for next count. 

It remained to explain when Qo goes 1. We observe from 
the truth table that flip flop D never changes its state during counts 
1 through 7, This is because at its clear input, C, a sustained 1 
is always present on account of either Q B or Qc (or both) being 0 
when Q a drops from 1 to 0. Thus input of D remains high and 
Qo— 0. But after count 7, this high clear input is removed and 
Qd goes high (al i when Qa goes from 1 to 0 This happens at 
tenth pulse. The result is that FF;B is inhibited and counter resets 
itself. It may be remembered that such a reset condition is 
achieved only after the application of 16th pulse in a scale of 16 
counter. 

EXERCISES AND PROBLEMS 

1. Expiess the decimal number 27 in binary. 

2. Express the binary number 101 101 in decimal. 

3. Express the decimal number 537 as a binary n ,mber. 

4. Add the follow, ing binary numbers. Prove yours answers : 

(a) 11010011 (6) 001101 

lOOlOtii 101111 


5. Subtract the following binary numbers and prove yours answers : 
(a) 1000010 ( b) 11 1000 1 

0100011 0010111 


6 Express the number 275 in BCD. 

7. Exdrtss 1011 in decimal form using Gray code. 

8, Draw the symbol for a three variable : 

(a) AND gate (b) OR gate (c) NAND gate (</) NOR gate. 

V In the equation R*=1Fb+C indicate whether /ItsaOorul under the 
following conditions : 

(a) A, B, and C=0 

(b) A=l,E=l),C=0 

(c) A, B, and C=i. 

10. Reduce the following Boolean functions ; 

(a) A+AB+AB 

(b) A B+ AB + AB +AB 

(c) ABD + ABD + BD 

{d) ABC ^ ABC 
{e) (I + £)(AfiC). 
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11. Without reducing 
invert logic : 

(a) A+B+AB 


12 . 

13. 

14. 

15. 

16. 

17. 

18. 
19. 
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convert the following expressions to AND/OR/ 


( 6 ) ABC+AB. 

Discuss, with merits and demerits, the various logic families. 

Describe an exclusive OR gate and its applications. 

Describe the operation of half and full adder. ' What is a parallel 
adder ? r 

Discribe how Karnaugh maps help to simplify a Boolean equation. 

What do you understand by sequential and combinational logic circuits. 
Describe a S-R latch operation. 

Desciribe a clock R-S flip flop, explaining clearly the way in which 
trigger pulse controls the change of state of flip flops. 

Describe J-K flip flop and master slave J-K flip flop. Describe its the 
merits over clocked flip flop. 

«7bCD ^lume^ iDV0 ' Ved ^ EXP ' ain the workiD * 
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TRANSMISSION LINES 



Radio communication requires the transference of energy bet- 
ween the transmitter and receiver. During this transmission three 
main intermediate phenomena are involved as stated below : 

(/) The intelligence in the form of radio frequency power is 
available at the transmitter output. For . the release of this energy 
to space, it is necessary to feed it to some radiating conductor. 
Because of disturbance, this process of radiation cannot be per- 
formed near to transmitter location. Thus first step is to transfer 
this r.f. power from transmitter to the radiating dement. A device 
with minimum energy losses, used for the transference of r.f. energy 
to some radiator is called a ‘TRANSMISSION LINE’. 

(ii) The second step is the release of this r f. energy into space 
or the communication of intelligence. For this energy release, 
transmission line is terminated by a radiating element ; transferred 
r.f. energy affected by the intelligence, is applied to this radiator, 
which sets up high frequency currents along its length The elec 
tromagnetic waves are produced into the space due to the escape 
of electrical energy from this radiating element, which then travel 
with the velocity of light. This radiating element is usually known 
as'ANTE NNA’. 

(Hi) The third step is the mechanism of the PROPAGATION 
OF ELECTROMAGNETIC WAVES’. Generally these are propa- 
gated as ground waves, sky waves or space waves. 

Transmission line is a device to transmit radio frequency 
power from one place to another. In order to avoid the disturbance 
which would occur if the transmitter and antenna are located it 
the same place, a transmission line with minimum loss of energy is 
applied between the transmitter and antenna. The most usual 
form of transmission lines are : 

(a) a pair of conducting lines in the forms of parallel wires, 

( b ) a pair of concentric tubular conductors, i.e., coaxial 
cable. 

The length of the line system is usually great enough so that, 
at any given instant of time, the current distribution in it as a 
result of applied e.m.f. is not uniform. The line consists of resis- 
tance, inductance and capacicance which are distributed along the 
length tf the line. 
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generator^ t o^i S ?u° ^ t ^ ans { n * ss i° n line is to transmit power from 

’ iere f° re its study should include the following : 

line ''it is^sserf^nM* 1 ^ 6 an !^ ea °^P ower at different points on the 
of voltage and cnrr^ ma § nitudes . and phase relationships 

derivation of n r, J at , dl ? rent line lengths. This requires the 
length. a 1<>n W ^ lcb c °nnects voltage or current with line 

the line afTer-K^th™ lm P or,ant to study that how the termination of 

changes fn thp S m!fo P< f W ^ r transm,ss ion by the line on account of 
jj ne gnitudeand phase of voltages and currents on the 

transferred' m . ax ! mum of energy received by the line be 

under which^inse ° a ^- lt ,S essent ' a * to obtain the conditions 
under which losses and distortion on the line be minimum. 

DISTRIBUTED PARAMETERS : 

the ^ S I^ i0n ener gy is affected at high frequencies at which 

between «hr.rf C °! s ^ orl i en gth of conductors, and capacitances 
and the.r P fr ^ on .^ uctors and their surroundings become appreciable 
narameJer^ inie rmmgle at each point. Thus instead of lumped 
meters ^ w W fi °. Ve transmiss ion line concepts to distributed para- 

transmission line a ° C0Unt f ° r the distributed parameters of a 

fnrin^H StI f-k U,e( * res ' stan *-'e : The wires of a transmission line 

re«k tin 5 L° me conducdn S material, will have resistance. This 
f i ’ because of uniform size wires, will be distributed uni 
tormly along their entire length. 

Furthermore, when radio frequency waves travel along the 
transmission line, it is also possible that some part of their energy 
is lost due to radiation. To account for this consumption (loss) of 
radiated energy, we can regard a resistance called ‘radiation resis- 
tance in addition tc line resistance. In the present analysis of 
lines, we shall ignore this resistance. 

Distributed inductance : When radio frequency current flows 
in t e Wires, a magnetic field is developed about them. This field 
oners a sort of resistance to any rise or fall of the line current. 
Since this field links the wire current, inductance is present and is 
distributed uniformly along the entire length of the wire. As the 
inductance impedes the flow of current, it should be assumed in 
series with the line resistance. 

Distributed conductance and capacitance : The fact that input 
and output currents of the line differ, leads one to realise that there 
is admittance between the wires even though there is no apparent 
connection between them. This shunt admittance consists of two 
components. First, capacitance is present because the two conduc- 
tors of the parallel line are separated by a dielectric and thus forms 
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a condenser. This capacitance shunts the line and is, therefore, 
called shunting capacitance. Second, the dielectric between the 
wires is not perfect, a conduction current will flow between the 
wires. This conduction or leakage path may be presented by a 
conductance between the wires. 

Thus an approximate equivalent circuit of a transmission line 
can be drawn as shown in fig. 1 (a). 



Fig 1. (a) Equivalent circuit of length of a transmission line. 

TYPES OF TRANSMISSION LINES : 

As mentioned earlier there are two types of transmission 
lines : 

1. Parallel wire line : This is usually of two types, namely, 
two wire parallel line and four wire parallel line. Horizontal two 
wire line and four wire line are balanced to ground devices, i.e.. if 
at a point of one conductor there is some positive voltage with 
respect to ground, then it will be balanced by an equal negative 
voltage at the corresponding point of the other conductor. A two 
wire line in vertical configuration is unbalanced structure because 
of which it gives rise to unbalanced currents. The unbalanced 
currents are undesirable for they increase energy losses. Parallel 
wire lines are used at frequencies of the order 100 rac/s. Above 200 
mc/s., power loss due to radiation and induction become excessive. 
The characteristic impedance of such lines ranges from 10u ohms 
to 300 ohms. 


2. Coaxial line : This is best suited at high frequencies. 
It consists of two concentric conductors separated by an insulating 
material. The main advantages of such a line are ( a ) looses due to 
induction and radiation are reduced to minimum because electro- 
magnetic field associated with a coaxial line is confined to the space 
between inner and outer conductors, (b> characteristic impedance 
is low, of the order of 50 to 70 ohm., and (c) they can be used at 
3000 mc/s; and all lower frequencies because their attenuation 
even at very high frequencies is very low. 


A coaxial line is unbalanced to ground but since the outer 
conductor acts as a shield, it does not give rise to unbalanced 
currents. 
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A coaxial line is also of two forms : 

ctor ^ smrnnn A A°^ eS ’’ 1° ?, U , ch a cab,e the wbo,e inner conduc- 
conductinP d i by aflexible Pj astic material and a braid of 
condu'tnr g t eria > W ? Ven ° ver the dielectric serves as the outer 
is covered wit h° ^ ab le mechanically strong, entire cable 

ferred at 1000 bra , ld ° r armour * Such cables are not pre- 

appreciable mc S "’ Slnce losses in the dielectric medium become 

at hioh ftigid cables : To avoid energy losses in dielectric medium 

emnlnveri rec lH encies ’ n S|d coaxial lines with air as dielectric are 

ductal h' a ° su PP or,; lnner conductor within a large outer con- 
auctor, beads or quarter wave stubs are employed. 

25 0. CALCULATION OF LINE PARAMETERS : 

a n t ™ en t‘ on ed above, there are four line parameters, R, L, C 

r ;j IS r t Ut - d f r Unit len 8 th of ,he hne. We shall now find 
i IOri j ° r m ^ ucta nce and capacitance of a line of two parallel 
d conductors and coaxial line separately. 

COMhJcTORS OF A L NE OF TVVO PARALLEL round 

i sectlon °f a l° n g round wire with a hypothetical cylinder of 

en ®, ... one me t er and wall thickness dr is shown in fig. 1 ( b ). Per- 
meability p is defined as 

^ V'rH'Vy 

where p v is the magnetic permeabi- 
lity of space and has the value 
4nX hr 7 in mks units, and p r is the 

relative permeability of the particular 

material. In a material or region 
where p, is independent of flux dtn 
sity (e.g., air and most dielectrics) 
inductance can be defined as 



L 


A 
/ ‘ 


Fig 1(b) 


= fiux linkage of the current 

total conductor current = j 

Therefore, the problem now reduces to the calculation of flux 
linkage of the current. In a long, straight, round wire, the flux 

paths surrounding the current, are- concentric circles. The magnetic 

held intensity at any distance r from the centre of the conductor is, 
by definition. 


H r 


NI r 

l 


where I r is the current enclosed by the flux path around 
w ic is measured. For only one turn or current path. 
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fore 


The length, I, of the flux path at any distance r is 2 r.r. There- 


H r 


Jr_ 

2 nr" 


If total conductor current, /, is supposed to be distributed 
uniformly over ti e cross section of the cylinder then 


1 =— / 
' T.O 2 


so that 


Hr 


rl 

2va * 


B r = pH, = 


prl 
2 7a 2 ' 


which is the flux dersity at any point inside the conductor. There- 
fore flux in the wall of hollow cylinder of area dA will be 

B r dA. 

For the cylinder of thickness dr and length 1 meter, it will be 

d$=B,dr= Hr/ 


2r.a 2 


dr. 


This flux linkage corresponds to current I r . In order to 
correspond it to total current /, we should multiply the above 

r 2 

expression by -j. Then the flux present in the wall of the cylinder 

of radius r, width dr, and one meter in length, will be 

nrl r 2 
~2na 2 dr ‘a 2 

Therefore total internal linkages, A /n( , due to all the flux inside 
the conductor will be 


Ainl 


27ta 4 j 0 

M/ 


dr 


linkages/meter, 


where n is the permeability of the conductor material. 

We shall now determine external flux linkage. Refer to fig. 

1 (c). The flux density in the 
space outside the conductor is 

where is the permeability of 
the space between the conductors. 

The flux present in the dashed 
hollow cylinder of radius r. Fig. 1 ( C ) 



1052 


width dr and one meter length will be 
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d<f> 


!*v[ 

2kt 


dr. 


tors anTaXTnd', tKecurrewla X ' he C0 ° d “ C ' 


A’„ 


Pv[ 

2k 


l 


cutti^fre a V°na?S a / e t. the Hnkage contributed by the flux 

wire Y links values nf U6 t0 the c 4 rrent in ^ T hat passes through 
wire r , links values of current varying between 

and 0fn^ O fl„v UX i Ci lement . v y ,th ''Just greater than (d-a). 
ana L for flux element with r={d-\-a) ’ 

of wi re'y? 6 va \ ue 171 ay be obtained by integrating to the centre 
the left ITT 1I V S fu " !inkages that ix passing through 

right half of Y Th n P d n a , S K Zer ° ,inkages the flu * ? assi "g throuili 
Y 1S ’ T ben the contribution by the flux cutting wire 

\2 dr 

2* J d-a r 

-4-/an l H 1X _ S r rr0Undin ^ the conductor Y [r > (d+a)] t links both 

tributes 'T re ? V e ' zero net current to X and therefore con- 
iriDutes zero flux linkages. 

We now write for the total external flux linkages a c 

^oxt> — h 1 ext • ~h h 2 ext- 

Hvl[[ d - a dr t« dr 1 

*5r|). r-+] 4 ..-r| 

~ linkges/meter 
Ja r zk a 


r ( d dr 
Jd-a r 


W H ' ~ M 

Therefore total inductance of one wire will be 

^ __ hnt-+Agzt HH V d 

I I "8 r+2^ l ° g ‘a 
and for foth the wires or the line, it will be 

i - 2 (C+K^sl 

toll* . . . d\ 


»{^ +Alag 4) 


4nx 10 -7 

4n 


'(^+9-210 log,„|) 


= 10 -7 ^,4-9-2 10 Iog, 0 -^j henry/meter 
^ O’ 1609 /*, + !• 482 iog 10 -^j mh/mile 


o 
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Since first term arises due to internal flux linkages, it is called 
internal inductance of the line; whereas the second term arises due 
to the linkages of flux external to the wires, it is called external 
inductance At radio frequencies the current flows almost in the 
surface of the conductor so that internal indue ance becomes negli- 
gible. It should be born in mind that relation has been derived on 
the assumption that the current distribution over the conductors is 
uniform which can be true only if spacing between wires is quite 
large compared to their radius ( d > a). 


INDUCTANCE OF COAXIAL LINE ; 


A coaxial line crosssection is shown in fig. 1 ( d ) The radius 

of inner conductor is a, internal radius of outer conductor is b, and 


external radius is c. We assume that the fre- 
quency is low so that current is distributed uni- 
formly over the cross section of the conductor. 
Inner conductor carries current-)-/ amperes and 
outer conductor —1 amperes It is thus obvious 
that any flux path surrounding the outer condu- 
ctor will enclose (+ 1 -I— 0) zero current and 
consequently there is no flux external to outer 
conductor. 



In this case, the total flux linkages will be Fig, 1 (d) 

made up of following three contributions : 


(7) Flux linkages internal to the central conductor : This we 
have calculated in previous case and can be shown to be given by 



link iges / 


II 


eter, 


where ^ is the permeability of the material of inner conductor. 


(/»') Flux linkages of the central conductor current-)-/, due to 
flux in the dielectric between the conductors. This we have also 
calculated previously and is given by 


~ = —-\ogg — linkages/meter. 

In )a T Ln a 

where is the permeability of the dielectric. 


(iit) Flux linkages due to the flux passing through the outer 
conductor, between b and c. 


For this we shall assume a cylindrical shell of width dr and 
radius r which is greater than b but less than c, that is inside the 
outer conductor. The current that produces the flux surrounding 
the inner conductor passing within the outer conductor is +/ at 
r=b and varies to zero upto r=c. Therefore current enclosed by 
flux at radius r is 
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71 ( C*-b 2 ) 1 


0 


I 


(c 2 - r z ) 


(c 2 — b z ) 

so that corresponding flux density B r at radius r will be 

B ( c2 ~ f? ) 

r 277 r ( c*-b 2 )’ 

where is the permeability of the material of the outer conductor. 

comntete n„l S * mp r ant t0 n0fe that a flux Hne at raakes a 

r=r links °^ current 1 but on the otherhand. a flux line at 

from unitv tn urrent ' ^ at * s ’. contribution of linkage varies 

buted bv a fluY r er ° * ^j. en f rac(| 'onal part of a linkage contri- 
outed by a flux line at radius r between b and c is 


1 


* (r 8 — b 2 ) c*-r 2 

7r (c*—b z ) ~d*'-b i 


outer^nltnV^ 6 k°* W Wnt f ^ n ^ ca S es due to the flux passing through 
outer conductor between b and c. That is 

A =^J[ C c *~ r * t- 2 -r 2 

3 2n- J* c* - b‘’c*- b'“-’ r 


The inductance of the coaxial line will be 


linkages/meter 


Z, 


^i+A a -|-A3 

/ 


Taking (because ordinarily the material of a line 

are non-magnetic), we arrive at 


L 


Pv 

&7T 


£l+4 log e ^ 


-f 


4 


(c*-b*) 


c 2 (c 


But ^ t) = 4n.l0"' 7 , we write 


}J 


£=I0 


’[ 2 \og.t + 2c ' '<«• 


( c 1 -^) 2 c 2 - 6 3 


henrys/meter 

At radio frequencies, the current crowds to the outer surface 
or the inner conductor and inner surface of the outer conductor so 

that At and A a are negligible. In that case 

# 

2x 10“ 7 log,^ henrys/meter 
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= 0-741 log 10 - mh/mi!e 

We have assumed here that there is no flux outside the outer 
conductor but if outer conductor is braided irom small wires (in 
order to have a flexible cable) then some flux may leak out and 
appear external to the cable. 

CAPACITANCE OF TWO PARALLEL ROUND CONDUCTORS: 


Let us consider a section of 
a long round conductor of radius 
a. Let us enclose this cylinder by 
another concentric hypothetical 
cylinder of radius r and length 
one meter. Then electiic flux den- 
sity D at P, a point on the enclos- 
ing cylinder is 

^ coulombs/meter* 



D 


Fig. 1 (e) 


2nr 


so that electric field intensity at radius r is 

E= —=^— volt/meter 
e 2rrre 

where e is permittivity defined as 

e = f r 

f r is the dielectric constant or relative permittivity and e v is the 
permittivity of space. The potential at P will be. then, 


K = - 


dr 


log s - VOltS 
2/re a 


a 2i tr« 

A parallel wire transmission line is ordinarily constructed so 
that spacing d between wire is large with respect to the radius a 
of a conductor. The charge can then be considered as uniformly 

distributed around the periphery of 
each conductor. 

The potential difference between , ' d 

the two conductois, shown in fig. 1 (/) 

when left wire has a charge of +q 

and right wire a charge of — q cou- Fig. 1 (f) 

lombs per unit length, taking as a reference the negatively charged 
wire is 




7 rc 


log 


d—a ( 


= logs 

77 € 


a 

(. d-a ) 


jre 


q) , d-a 
- logs ' 


a 


volts. 


Therefore capacitance is 


cJL 




716 


q i d-a 
-log,— 

we a 


log 


d—a 


farads/m. 
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Since a, we can write d inplace of {d-d). Therefore 

Tie . 


c 


log. 


d 


farads/meter 


12 07 


log, 


d 

a 


PPf/m 


l'943x 10 1 



/'tf/'/mile. 


capacitance of the COAXIAL LINE : 

Cross section of a coaxial 
transmission line is shown in 
figu e 1 (g). The inner conduc- 
tons given a charge + q and 
outer conductor is given a charge 
—q, which are distributed uni- 
form'y on the cuter surface of 
inner conductor and inner sur* 
face of outer conductor. The field 
intensity at P is then 


E 


1 1 



2- re 


volt/meter 


and the potential difference from outer to the inner conductor is 

r “ - b 


V 


9 


dr 


9 

2ne 


log, — volts. 
a 


b 2nre 

The capacitance of the coaxial line will be 

2r.e 


C 


V 


. b 

loi,- 


farads/meter 


24-14 €- 


log 


xo 


b 

a 


ppfl meter 


3-886 Xl0 4 e r , .. 

== a wf/m tie. 

log,. - 

LINE 1 ARAMETERS AT HIGH FREQUENCIES : OPEN WIRE 

f Parameters of the line are modified by the presence of high 
belaw^ C ^ curren * s# Skin effect comes into play as discussed 
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We know that when an alternating current flows in a conduc- 
tor, the alternating magnetic flux within the conductor induces an 
e.m.f. This e.m.f. causes the current density to decrease in the 
interior of the wire and to increase at the outer surface. This 
effect is known as skin effect. It is more marked at radio frequen- 
cies and therefore the current in the wire of a moderate size is 
concentrated in a thin skin at the surface. The effective thickness 
of the surface layer of current may be given by 





meters 


1 


- meters 


VOr/M®) 

where P is the resistivity of the conductor in ohm meters 

a -he conductivity of conductor in mhos per meter 
f is the frequency of alternating current in r/s 
and fx is the absolute magnetic permeability of the conductor 

and for free space, its value is 4nx 10 7 henry meter. 

^ or copper i±—4tt x It) -7 , a— 5 75 x I0 7 mhos/meier at 20°C. 


* 0 - 066 * 
o= 7 , meters. 

vf 

Thus the nominal depth of penetration for copper conductor 
Tm c/^ Ut 86>< 10_4 meters at 60 ^ and is onI y 66x 10-« meters at 

. m R ’J he "/stance per unit length of the line : The re istance of 
a round conductor of radius a meters to direct current is inversely 
proportional to the area as ^ 

R K 


7ia 


2 ’ 


8 i" dUCt0r Wi,h al,erna ' ins curr “' 


Ra>c* 


K 


Therefore 


2 ra& 


^ac* ay/fn f po) 


R*i. 


d*c- 


2 


= 7 63ay/f for copper, 

^here a is in meters and /in cjs Relation implies that fn- th * 

conductor of large radius increase in resistance whh i„‘[ ,h *, 

frequency will be greaier compared in the conductor r °l, 

radrua For an open wire linear copper ii'h spad“gg eater ,7a" 
a, it can be computed that * e K taier man 


p 8*33 x 10' 8 \// 

•*'a 

a 


ohms/meter 
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L % the inductance per unit length of the line : We have already 

S °™“ at , . * wo vv * re internal impedance becomes 

negligible at high frequencies, the inductance is given by 

r Mo i d 

i= 2T 1o «» r 

= 4x 10 -7 log,— henrys/meters. 

= 9*21 x 10~ 7 logi 0 — henrys/meters. 

a 

C, capacitance per unit length o f the line : The value of capa- 
citance of a line is not affected by skin effect or frequency. There- 
fore the relation 


o 


c 


1T€ 

~ d 

10g a - 

a 

12-07 

i d 

log.- 


farads/raeter 


wf/m 


is still applicable. 

LINE PARAMETERS AT HIGH FREQUENCIES : COAXIAL 
LIN E 

Due to the skin effect, resistance of a copper coaxial line is 
given by 

i?„-c.=4‘16x 10~ 8 v'/^+~' j obms/meter, 

where a and b are outer radius of inner conductor and inner radius 
of the outer conductor in meters. 

Because of skin effect, the current flows in the outer surface of 
the inner conductor and inner surface of the outer conductor. Due 
to this effect flux linkage due to inner conductor flux is eliminated 
and the inductance of the coaxial line is given by 

L=4-60x 10~ 7 log, henrys/meter. 

Capacitance of coaxial line is not affected by frequency and is 
given by 

C ,= ~”~Z> €r M/*//meter. 

'og,. - 

For the transmission of energy at high frequencies, it is pos- 
sible to assume negligible losses or zero dissipation in the analysis 
of performance of transmission lines. 
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26 1. VOLTAGE AND CURRENT RELATIONS ON RADIO 

FREQUENCY TRANSMISSION LINE : 

At frequencies of operation so high that the wavelength be- 
comes comparable to physical dimensions of the apparatus, ana- 
lysis cannot be made with 
circuit concept, eg in 
terms of lumped parameter 
equivalent circuits and 
hence it is preferable to con 
sider directly electric and 
magnetic fields. Here we 
shall analyse the line in 

terms of voltage and current. The voltage and current relations in 

a. transmission line may be studied by considering a basic type of 

line which consists of two straight parallel wires of uniform size, 

separated by air. Consider the voltage and current relations that 

exist in a very short length, c/a, of the transmission line as shown in 
fig- 2 (a). 


J+cU 


gehsxatok 

£MD O# 
S£ND(#G BHD 




LOAD END 
Ofi 


$ 


/ 

k l 

\ PECEWH6 > 



£hq y 
-1 — 


-H dx K 

Fig. 2. (a) Transmission line 


Let R — loop resistance per unit length of line 

= sum of resistance of both the wires for unit line length, 
L = loop inductance per unit length ofline 

= sum of inductance of both the wires for unit line length, 
G=shunt conductance between wires per unit length, 
C=shunt capacitance between wires per unit length. 

. In travelling this short length dx, the voltage between the 
wires changes by an amount dE due to the voltage drop pro- 
duced by a line current through the impedance Z consisting of the 
resistance R dx and the inductive resistance jwL dx of the length dx. 
Likewise the current changes by an amount dl due to the flow of 
current through the admittance Y having components, the capa- 
citive reactance yuC dx and the conductance G dx of the lengthr/x 
0 the line as a result of the voltage E existing between them. Thus 

we have Z=(R+ja,L) dx, 

*r=(G±ja>C) dx 
Therefore fall in voltage, 


anHf n • dE= ( R -\-jo) L) dx I. 

a na tall in current. 



dl= 


Differentiating eq 

d°E 
dx T 


1/(6’ -\-joi ) dx 

(G+ycoC) dx E. 

(1) with respect to x, we get 

<*+*•« s 


••( 2 ) 



Corresponding impedance 


I/O 1 Ij’gjC 


— G -f -jaj C. 
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=(R+j<oL ) (G+jwC) E 


=y*E 

d % E 

dx 2 


-y*E= 0 , 



eqn. 2) 


4 • • 



where y~\/{(R-\-ja)L) (G+jioC)}, called propagation constant, 
The solution of equation (3) will be of the form 

E=Ae yx +Be~™, .. (4) 

where A and B are the constants to be determined with the help of 
boundary conditions. 


Further from equation (1), we have 


/ 


1 


dE 


(R+jcoL) dx 

T r TJ oj T ) ( AeVZ ~ Be ~ 7x ) {from eqn. (4)} 
G+jouC 



{ A” - Be-») 


1 

z 


R+jcjL 


(Ae y *-Be- yx ), 


..( 5 ) 


J called characteristic impedance of the line 


where Z 0 . , G+ 
and will be defined later on. 


The voltage and current equations for tne line can be deter- 
mined with reference to load end or sending end (generator end). 
First, we shall take the sending end as the origin of coordinates. 


Voltage and Current Relations with distance fro 
The boundary conditions are 



Sending Ei 


At x=0 


Also 


E=E $ . 

E,=ZJ,. 


With these conditions equations (4) and ( 5) give 

E,=A+B. 

j,=La-b), 

so that 


A — 2 “ (E 9 +Z 0 I 9 ) 
1, (Z f +Z 0 ) 

and B— (E,—Z 0 l,). 
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£= 2 7 * ( Z * Z oJ- 

Putting these values of constants, equations (4) 

the desired relations for voltage and current on anv 
line. That is 

7 * (Z *+ z o) ^ ye +^- h (Z.-Z 0 ) e-” 


and (5) give 
point on the 


Similarly, 


,,..z,(£!±C*) + ,.z 1 ( 

E, cosh yx-\-I s Z 0 sinh yx. 


>yx 


.•.( 6 ) 


1 z« 


- /, cosh ~ sinh X*. 

If we put y= a +yP in equation (4), then 

E=Ae ia+iB > *-f » 

=4e° x 


...(7) 


...(8) 




s) GEHEMWX 


LOAD 


Fig. 2 (6) Travelling waves 


1 he second term in equation 

(8) reperesents a voltage compo- *cioent 

nent travelling towards the re- i 

ceiving or load end of. the line |§ *0 

&nd is called the incident wave ; \ cohd (7 

this decays exponentially in the ^ L 

positive direction ofx The first \S/ j 

term represents a wave similar to j I 

the second term but travelling * — * 

from the load towards the gene- P . _ 

rator end of the line; it is termed t,g ' 2 (d) Trave,,in 8 waves 

reflected wave. 

In this case boundary 

conditions will be F 1 1 1 

At x=0, /=/*, C*§ f. 

„ /-&, /, * jj 

Hence E R =A+B , 7 f IjM 

Z-o I r*=A — B. z I I 

^=i (£«+Z„ /„) Vi/ ^L-pJ 

(Z*+Z„) ' \ 

M > d £.l«(z,-z,,. **“"’* ““ 


% 


and 


GEME/iA 70# EA'O ae 
i/T/VO'/tf? £i43 

Fig. 3. 


«Sf£4 
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Thus (A+B)=IrZ r =Er, 

(A — B) = IrZq. 

So E—Er cosh yx-\-lnZ a sinh "Yx, 

I=I R cosh Yx+ErIZo sinh 7x. 

These equations aie referred to the load end as the origin o 

coordinates. 


E=Ae ax .e^ x +Pe~ ax .e^ x . 

When x is measured from load end, amplitude of 
wave would decrease with an increase in x and hence Be az ,s * 
am rlitude of reflected wave and Ae aX that of incident wave, 
ratio ot reflected voltage to the incident voltage is termed as re 
tion coefficient, i e. 


IP 



Be~ ax 


Ae ax 



Tax 


Zr — Z, 


0 


Z . Z 

If we put Z* = Zo, then | P |=--0; also if we put x=oo, again 
I p 1 = 0, i.e. in both the cases no reflected wave is produced, in 
whole of the incident wave is absorbed. On viewing . 

conditions together, we arrive at that a line of finite length, e 
nated in a load equivalent to its characteristic impedance, app 
to the sending end as an infinite line. Further 

E 


Z 


/ 


1 


Zo 


For sending end x 
rator end 


Ae YX +B x 
i Ae vx -Be~ vx ) 

/, he length of line, so that at the gene 


Z* 


E, 

I, 


Ae Yl +3e' w 


J 

Z 


(Ae n -Be~ vl ) 


Substituting, 


B 

A 


Zr—Zq 

Zr-\-Z 0 ’ 


Zs—Zn. 


{ e«+ ( 



Zr-Z 
Zr±Z 

Zr-Z, 



0 ) e* » 
0 / 


When 


then 


Zr — Zq or 
Zs=Z Q , 


1=00 


111 11 — ^09 # . -planet? 

and therefore, the characteristic impedance is the input imp 
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^^^;aa*3— s^aa 

insta^' 6 ! P [ e,im f inary calcula tions estimate that in a transmitting system 

=*= - ttt&z 

'he line length. * ° n ' y OD ‘ h * Ul * C ° nstan,s L ' C ' R ’ and a " d not on 

PROPAGATION CONSTANT : 

line is h g*ei%° n h*"*" CUrrent and vclta «* for a transmission 

£’=£, cosh yx+f,Z 0 sinh yx, 

p 

l—h cosh yx + ^-sinh yx, 

where y is known as the propagation constant. The quantity 

SSS ~ - J ±3 

sSSSSHr 5 = — 

y=,og 77' 

” « T1 * 

L 


\ 


so 






o 


* 




^OWT Q/S74HCk 

_ P*8- 4 (a) Transmission Line. 

Thus if / x is the current entering the line r, a , . 

Jrrent 1 % at a unit distance farther atong the line woufd h ^ lh< 

nm d ma g nitude by an amount a and retarded i^ ^ a ! tenu 
mount £ radians per unit length. n P^ase by ar 
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The locus of the current 
vector will be a long spiral as 
shown in the figure 4 \b) and 
in the absence of attenuation, 
figure will be a circle. 

Both incident and reflected 
waves suffer a change e m in 
amplitude for unit length of 
transmission line, where a is Fig. 4(b). Locus ot current vector. 

termed as attenuation constant as it represents the rate at which the 
incident wave decays along the line. Since in unit length the wave 
suffer* a phase change of $ radians, the latter is called the phase 
constant. 

Ir’ we consider incident wave only, then 

E=E, e~Y x , 

1=1, e~ yx . 



Tutting y—a+jp we write 

E=E, <?-■* e-# x , 

1=1, e ~ ax e~* x . 

From these equations it is obvious that voltage and current 
become progressively smaller in magnitude because of the factor 
e~ ac . Apart from this decrease in amplitude, phases of voltage 
and current also lag progressively as the distance x increases. 

Time dependence of above equations of £ and /is implicit 
because the sending end values will be functions of time, viz ■ 


— XT pJut 
s — x-^ao ^ y 

T — T pi<»t 

is *90 e 

This means E and /, i.e. voltage and current on the line are 
functions of both distance and time. 

The wavelength A of the wave travelling on the line is eq ul 
to the distance between successive crests of the wave a any 
moment, i.e., it is equal to the change in x which makes tne ang 
(3x to increase by 2n radians. Therefore p\=2n or {J— 2rc, A. 
a phase change of 2k radians represents one cvcle in tim 

involves a distance of one wavelength, then 

x=vT 


v 


or 

A= 

= f 


2n 

V 

or 

F = 

= 7 

or 

co= 

=2nf—?V 



CD 

or 

V- 

t* 


^putting x=A, T 





x uw r — o 

observations of the phase on the line. 
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Expression for phase constant jS and attenuation constant (a) : 

The propagation constant y is of the form 

Y=a+jP, 

where a is the attenuation constant, i.e., rate at which the incident 

wave decays along the line and p is the phase constant, y is also 


equal to ^{(Rf-jwL) (G-F/uC)}. 

So a.-\-jP = ^ fRy jcoL) (Gf-jwC)}. •• 0) 

a- ;/3= v {(R-juiL) (G-jaiC)}, ■■ (2) 

Multiplying (1) and (2), 

a 2 + p2 = x / {(/**+ w 2 L 2 ) (G' + oj 5 C-)}. • (3) 

From (1), on squaring, 

a .i—$* + 2jo$=(R J rju>L) ( G+jwC) 

=z(RG — u) 2 LC)-\-jw (RCf-LG), .. (4) 

So a 2—/32 = RG-a> 2 LC. •• ( 5 ) 

2aS = a) (RC+LG). •• (6) 


Adding (3) and (5), we get 

2^1 —(RG — LC )-\- {( R 2 + ^ L iy ) (G 2 + w 2 C 2 j}, 

tt=±[i [RG-^LC)+W{ r 2 -\-uj?l 2 ) (G 2 +^a))Y' 2 . 

Subtracting (5) from (3), we get 

2B‘ i ={-RG-\-w i LC) + \/{{R 2 +w' 2 L 2 (C 2 +w’C 2 )}, 

t =±[ l(a J 2 LC-RG) + W{(R 2 + “ 2 L i ) (G 2 +w 2 C 2 )}]>/ 2 . 

26 2. LINE DISTORTION AND ATTENUATION : 

For no distortion attenuation constant a should be independent 
of frequency and phase constant p should vary linearly with frequ- 

ency. Suppose 

(a) a is dependent on frequency and waveform which is the 
sum of a fundamental f and a third harmonic 3/ is being trans- 
mitted down a line in the steady state. Then attenuation for the 
two frequencies will be different and the resultant waveform will 
be frequency distorted. Therefore a complex applied voltage, such 
as voice voltage containing many frequencies, will not have all fre- 
quencies transmitted with equal attenuation, and the received 
waveform will not be identical with the input waveform at the send- 
ing end. Thus to avoid frequency distortion, a should be independent 

of frequency. 

(b) P does not vary linearly with frequency; then the time 

relationship of fundamental /and harmonic 3/ will be destroyed 

and delay or phase distortion will be produced. Thus all frequ- 
encies applied to a transmission line will not have the same time 
of transmission, some frequencies being delayed more than the 
others Consequently, applied voice voltage wave form atthe receiv- 
ing end will not be identical to the waveform at the sending end. 
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4/„^rv uj c.itcironic& 

.an. r„™ “t 0 r s,am * and » h - ««- 

and fig. 5(6). Hence transmissTin iZ “P™*™ s ^wnin fig. <(a) 

and delay or phase distortion. introduces both frequency 



'300 2000 

to wo / sec 


5000 



d 00 2/00 jfoo 

to WO/ SEC 


Fig 5 ( b ) 

Variation of phase coostant with <v 
for the san e line described in 
fig- 5 (a). The frequency asymptote 
<oy/(LC) is plotted for comparison. 


• Fig. 5. ( G ) 

V anat, on of attenuation constant as 

;• function of w for open wire line 

(composed of No. 10 copper conduc- 
ductor spaced 12 nehes apart). The 

high frequency value (dotted line) is 
shown for comparison. 

are ideaTon^s 5 °h n ° d,sto ^' on> The conditions for no distortion 
are to discuss such ^ annot b .e achieved in practice. Even then we 

« Should be fndene ^ Jt is ° bvioUS that for no distortion 

condition there ? . dent ° ffr L eqUency * For the satisfaction of this 

condition there are two possibilities : 

so that fro^ 6 reS ' Stance and conductance be zero, re., R=G= 0, 


a 


i.e. y 


a 


\. RG -a> t LC-\- (G^+ oj-C 2 )}] 

-o’ 

because 1 ] mtfwfn? att . enuat ion. This condition is purely ideal 
ance may be reduced to minimum (by using a perfect dielectric). 

to*I r ihen f tl!k t e erm eSS 'n K Cn soIvin 2 the radical consists of a term 

he radical and thus the expression for a will be independent of «. 
l - e -, if V{(R 2 +<*> 2 L S ) ((?* -f oj^C 2 )}= AT-(- ct » a LC 

° r (•/? a +oj a L a ) (G*-|-aj I C 2 )=(^'-f-a» , Z,C ) 2 
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or WG*+utL*C t +ufi{R*C*+L t G t )=K*+i t fiL*C*+2K.rfLC. 

Equating the coefficients of the power of to we get 

R 2 G 2 —K 2 

or R 2 C 2 +L 2 G 3 =2K.LC 

or R 2 C 2 +L 2 G 2 -2.R^.LG=0 


or 


( RC-LG f 


n R L 

0 or a =c 


This is the condition for no distortion, 
will be 

a=z V2 t RG ~ w * LC +V{(R 2 +<^ Li )(G 2 +a, 2 C i )}yi 2 


Then the value of a 


V2 


RG - oj 2 LC + RG 


Putting ^ 


C 

q, we get 



1 + 


io 


L 2 


R 2 



1 + 


osC 3 


G 2 



1,2 


a 


V2 

_L 

V2 


RG-oj 2 LC+RG 


RG 


■J{( 

-«j 2 LC+RG. ( 1 + 


1 + 


U?C 2 

G 2 



1 + 


OJ 2 C 2 

G 2 




<JC 2 

G 3 


1/2 


z 


= 72 [ 2 M-nC+«K‘* 

R L, 

Putting - we get 

a “^2 [2RG-u> 2 LC+u> 2 LCyi 2 

= VW)=J(^).R. 

Expression for (3 is 

P = ^- 2 [w 2 IC-i?(7+^G ^ 1 + 

(LC). 

Expression for characteristic impedance 

R+juL \ If R\ l(]+jojLIR 

g+jcoc rj \ g )• J [ iTjajc/d 


..(i) 


u£C*\ 1'/2 

G 1 



-( 2 ) 



since 


L 

R 


C 

G 


=7(4). 


From expressions of a and 0. we see that the conditions for no 
distortion are fully satisfied. Since Z c , the characteristic impe- 
dance, is independent of frequency, it is purely resistive. The condi 
tions, however, remain satisfactory if line constants R G L and C 
do not change with frequency. But in practice, because of skin 
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tion is nof achieved. Chan8CS 3nd hence P erfect freedom from distor 

diti(^ r w^h can^be^^hieved^n 11 !^ i b , etter * discuss some con- 
tions for low distortion. 3 lne or cab,es . ie. condi- 

'•»£ >°RanT<lc^°G. Thln^' 011 ' Let US Consider the case where 

Z~R+jojL=ju>L=ajL Z. (in), 

T , . Y ~ G hjo)C~joiC~u)C Z (in). 

that they 1 wdil^not S affect thfa ^ 6 !^ 3 ,] 1168 and G are 80 small 

and Y bu t still there 

°f K it is resonable to write P ^ ° f Z 3nd Y and hence ,nstead 

Z=coL £ d . 

Y=ojC (f> 9 

Whe w! knn 4 r rCSent thC Ph3Se ang,es ° fZ aad Y- 

SO that cot Z«Zr g ^r R f nd ° jL vviil be tan e==wL l R 
nearly equal to ^ thtn we%an w °^ When a certain angle, say 0 , is 

*cos^=cot^=^_^ 

Smce the angles 8 and * are nearly equal to in, we can put 

^=iTi— cot 8 

, =in-R/u>L 

and , , 

, r . , 9—ln—G/tjC. 

lerefore fZ= u>L / (in—R/ouL)=(oLe l ( 9 ' i - K '-i), 

y=ajC Z (in— GI(jjC)=< J jCe , ' r, i i -oi-‘C) 

Therefore propagation constant will be 

y=V(z. V). 

= y/{o) t LC.e^ n i 2 ~e/o)i J )4-4(ir 2 -c,vc)t 
~o)\Z(LC).e i l 2 fw-(R/^/,-ic/*,c)] 

U - v \ w ^ / 

y=«+X 8ati0n C ° nStant y=oc +^. so that 

<*>y/(LC) e j (/?/o»x+(7/»*c) j 


{ *’-* (t^C 


*if yoju put ^ 
which is true. 

|Let ^+/ W £: 


--”12 then n/ 2 ->fi =0 so that cos <6=cot t}/ =0 
^ cos Bin 0=1 /t 


where A = ^(r* +U) *L *) 


0=tan 


-1 


ojZ, 

T 


Transmission Lines 


1069 


=»vac) [ c„s { ,_i (£+£)} 

=»V(iC)[si„j(^ + A) + ; CCS j( i « + ^)]. 

But wL > R and wC > G and hence ( RfuiL + G/ujC ) is a 
small quantity. We know that when angle is small sin 0 = 0 ai d 
cos 0=1. Thus 


*+fl=o,V(LC) [ j (£+£)+;. I ] 

Equating real and imaginary parts, we get 

vi'o(a+a?)-*[j«Vlr) +c V(e-)] 

and (3 =w^/(LC). 

So characteristic impedance will be 



~ j v / [e<>0/u ) C-K/«i.j 


wL.e*W - R l“U 
wC rW-Ci^C) 




= -\Z(L/C) /_[\ (G/ojC— R/u>L)] radians. 

Here too we see that a, the attenuation constant, is indepen- 
dent of frequency and £ varies linearly with frequency. Z„, the 
characteristic impedance, is also independent of frequency and the 
angle is very small, i.e. we can take it as nearly resistive. Now 
taking | Z„ | =-v/(L/C), and putting in expression of a, we get 


( Wl+° 1 z » 1 ) 

If G is negligible, 

a=£ R/ 1 Z 0 | . 

Achievement of the Condition of Low Distortion : It is obvious 
Jhata depends upon all the four line constants R, C, L and G. 
Therefore with reference to their values, possibilities of low dis- 
tortion can be discussed. Since 


* = k{RV{ClL)+G V (L/C)}. 

It can be seen that if here too we apply the condition for no 
distortion, i.e., L/C^R/G, then 

a=£ {R.V(G/R) + GV(RIG))=V(RG) = RV(C!L), 

which is the same as obtained in the case of distortionless line, 
therefore, to have low distortion, we should decrease the value of 
R and C and increase that of L. Now to reduce R, we require 
, ar S e conductors and to reduce C we require an increase of spacing 

between the conductors. But these result in an increase of cable 
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xjuu/v oj electronics 

hS. Jy!,ulVFS,tce tT ?“ CaW * -pons. 

wrapped uniformly with a pe of Iw* 11 <he line «* n <* 

■ ron although this will be a« ™„2 , ferrous malerial such as 
for the cables which remain /. e ? tment - Tbe wa y * s used 

cables, inductance can be add-din li F e< ^ m Water * F° r the land 

tancc, resi tance'onhe al0 " 8 ™ h tad “ c - 
have completely'n fleeted "'BuHn "d°" S pf . low disl °nion, we 

wC s and we can\viite P Very hlgh * then wL > R and 

ZzzjcoL, 

YzzjcuC 

and hence propagation constant. 

y=«+j? = V Z.Y) = 


SO 


and 


V ( .i l <u 2 LC) -=j fo y/(LC) ; 



frequency and * oss * ess ^' nce *— 0 J further varies linearly with 
is purely^esistive?^ ^ phaSC dlstortion ’ characteristic impedance 

a ro x im a no n rl n °hL S ’ f C f - ?**? high fre 9 u encies then in that case 
Hence ^ ,m,tted so as to neglect conductance only. 


Z — /? +jwL, 

Y—jtuC, 

ls°thi\n"»Z' U ' n t Cr r a r e rapid, y as com P ared to X which increases 
the square root of frequency because of the skin effect. 

The propagation constant will be 


r-'+jl^Vizr^y/KA+juL) ju>C} 


/( 


i 


■ K \ 
- j ZTl) 


^vac,.[,-jA. Lf l(AJ 


+j 


J 

48 


(£)’+"] 


can^be^egiected^ t6rm ^ ' s sma h and higher power terms 
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«+/{S 


r7(r 



i_L(* 

8 \u)L 



So 


-M 


c 

L 


fi—oj \/(LC) 


hju>V(LC) 


■41*' 

'4-L-J 


i + 


i 

8 



As a depends upon a> and (5 does not vary linearly with w f 
conditions of low loss do not fit the conditions of low distortion. If’ 
however, R be neglected completely, then conditions of lossless 
line coincide with those of distortionless line. 

In ordinary telephone cable, wires are insulated with paper 

(G=0) and twisted in pair (L = 0), so that Z = R, Y=jujC giving 

toCR ^ 


Y=V(jojCR)=y/((oCR) (cos 45 °+j sin 45°), i e. a 


so that 


Z o= 


V(?W(&k/ 


(z 13 

\ a >C 




2 

Re* l 2 


P- 




n A 


and velocity of propagation = 


to 



Ex. A cable pair is loaded with 6 mH coils, at intervals of 
0-9 km. for operation at frequencies upto 16 kefs. At this frequency , 
the primary constants of the cable are : * 

R—12 ohm, L=10 mH, C— 0 065 pF, G— 50 p mho, 

all per loop kilometer and the effective resistance of each loading 

coil is 4-5 ohm. Estimate the approximate attenuation per mile of the 
loaded cable. 

The attenuation constant is given by 

R=12+ effective resistance of each loading coil 

per km. 

«77 ohms. 

2.= 1-0+ inductance of loading coil taken per km. 


where 


1 - 0 + 


(«) 


7-67 mH— 7 67 x 10~ 3 H. 
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G= 50x 10“* mho 
(7=0-065 xlO- 8 Farad 


Putting these values in the 
we get 


expression for attenuation constant, 


„_ 77 // 0*065 x 10‘ 6 

* 2 J[ 7-bTxW* 

= 01121+0 0086 
=0-1207 neper or 


50 x 10 ~ 6 // 7-67x10-* \ 

+ 2 V\ 0*065X10-'/ 

1*048 db. 


26 3. LINE TERMINATION : 


The purpose of transmission line is to transfer the maximum 
of energy, fed to >t, to the load. The conditions reqm-ed for maxi- 
mum transference are fundamentally based on two factors: the 

minimum and has 

b.en discussed in last article ; the second factor is the termination 

l ' n e with a load of proper value. Thus the value and nature 
of the load largely affects the basic function of transmission line. 
We shall discuss the line termination with different loads, e g. zero 
oad (sh° rt circuit ed), ir finite load (,>pen circuited), complex laid, 
etc. The important of this discussion is to kiow that what are the 
voltages and currents at different points of the line and how the 
input impedance of the line varies with different loads. 

We know that reflection coefficient is 

j p j_ Z/?--Z 0 reflected voltage 
Zr + Z 0 ~~ incident voltage’ 

so that when load impedance Zr equals Z 3 , the characteristic 
impedance reflection, coefficient, p, is zero, i.e. % reflected voltage is 
zero, which means that whole of the energy incident on the load is 
absorbed by it and no energy is reflected back. Thus if a line is 
terminated by characteristic impedance , then best mitching con - 
ditions are obtained since whole of the input energy is transferred 
to the load. For such a matching, characteristic impedance 

line constants is fixed for a line, load impe- 
dance is to be controlled. However, in most of the cases, it is not 
possible to control the load impedance. To obtain matching con- 
ditions in such cases, stub line is connected in parallel to the main 

line. This way of matching will also be discussed towards the end of 
this article. 


Furthermore, greater is the difference between loaa impedance 

r ’ c ^ aracter * sl *p impedance, Z 0 , greater will be the magnitude 
of reflected voltage, / <>., reflected wave is then sufficiently strong 
ana the same amount of attenuation will be caused by the reflected 
vave w ile travelling on transmission line as is caused by the 
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incident wave. Thus to avoid losses due to attenuation, suppression 
of reflected wave is almost necessary. 

In the discussion of the termination of a transmission line, we 
shall analyse a purely lossless line, i.e. 9 for which a=0. The lines 
not terminated by characteristic impedance are called resonant lines 
while those terminated in characteristic impedance are called non- 
resonant lines. At radio frequencies cdL > R and wC > G and 
therefore, we can take R=G - 0 approximately. When R=G = 0, 
attenuation constant a is zero. Thus we are, infact, considering 
here the lines at radio frequencies. 

Since we are to discuss conditions on the line with reference 
to load end, it will be most convenient to measure the distance from 
the load end, i.e ., equations of voltage and current, which refer to 
load end as the origin of coordinates, will be employed. 


(i) Line termination by 
zero load, i.e. short circuited 
line (Zk = 0) : Consider a line 
short-circuited at the load end 
and connected, at the sending 
end, to a generator of internal 
impedance Z 0 , equal to the 
characteristic impedance of the 
line. Since the line is termi- 
nated by an impedance other 

than Z 0 , there will be a reflec- 
ted wave i.e. resonant line. 

Since at input terminals the load is Z 0 , the line will behave 
with respect to reflected wave exactly like a line terminated in 
characteristic impedance and hence steady state conditions are 
reached as the reflected wave reaches input terminals. 



If Er , I R , Z R refer to load end, then obviously Z R = 0 and 
hence from Z R = E r /Ir. E r =0] That is, at short-circuited end 
voltage must be zero which means the voltage developed at the load 
due to incident wave and that due to reflected wave must be equal 
in magnitude and opposite in polarity. Therefore, if we denote 
Er* as the voltage at the load due to incident wave and E R - that 
due to reflected wave, then 

Er*== — Er ~ 


tAtthe load end s=0 So that E R = E R ^.e^ s = E R *. Now E R <= 0 
because Z* = 0, I K is thus not zero. Further I R = I H + + I R ~ a t the load end 

and reflection coefficient is | p \ = = _ l =,1 .gl-wo but for currents 

Z/? + Z„ * 

sinCe i), there is no phase reversal and hence l h + = I p I - 
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which in this case is - l?so thS refleCtion coefficien 


site po]a C rUy h L CUrrent ' S DOt zer °’^^ n f e the y will not be of opp 

^ *R — 1 R • 


sner^ h f n a ,ht V elecirom S a 'r “V ! s " be reached at as follows : The 

dielectric field (electronic fiif >“ " ! ) T al !L < ?"?, ed «>= 


dielectric field fefcorrZ! c f “ 15 ei i“ al1 * divided between the 
»r“o, aSffiSLSl'Sr ~£2L« * h « shorted end reduced to 


zero, the electrnct.Vi; fi.M ,, age at me . “orted end reduced tc 
can it be dissinafed co,1 apses. This energy is not lost noi 

explanation -all Pn i>ro ^ sbort circu ’f‘ There is only one possible 

for the maenerir must now be in the magnetic field. In ordei 

* end S fncrease Th^ r incr f ase * the c “ rrent at tbe short - 
uect back in the same phase as it would have continued. 

^ T 


Let voUae^du^tn*^ 6 ^ ^°‘ nt P at a distance s from the load end. 
ed wave K E~ t ° T , h nC,dent v ’ ave at P be E+ and that due to reflect- 

non circuit end, the incident wave is delayed by a phase ffc, 

+ •£«* fix m a 


U ' 

by aa^uai amoun^ 6 ^ WaVe ’ *“ retUrning to P° int P ' is delayec 


i.e., 


Thus total voltage at P 


E-=E R -e~W\ 


E=zE + +E-=E r + e’f^+E*- e~** 


E r + (e** 


erJ*) 


J.2ES sin (5 j. 


Similarly, the current at P, 


...a; 


I=I + +l~=I R + e^+hc e~*P 


I R + (eJfr+e’e*) 


2l R + cos 0 j=2 ~~ cos 0 j. 


...(2; 


Occurrence of/ in equation f H and absence 


(2) shows 


•We know that 


E 

I 


Z„ \ Ae**+Be-'*\ 
Ae yx —B e- yx * 


For incident wave at the load jc=0, so that 


Jr + 


Z. 


At?' 




Z,. 
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Jjjgt E and / will be always 90° out of phase and E is leading / by 
90 . Now we shall plot phases of E and /, amplitudes of £ and /, 
and voltage-current additions (complex number diagram) at diffe- 
rent points of the line (for different s values, being measured from 
load end). 


To plot 1 E | and I / ] : From equation (1), 



E=2jE R r sin [Jr. 


Pr= 

= 0, i.e. y 

Co 

II 

O 

£=0, 

Ps-- 


s — a A, 

E—jy/2 E r \ 

Pr= 

= t7; 


E=j2 £*+, 

Pr= 

= 3tt/4, 

3A/8, 

E =jV 2 E r \ 

pr= 

=7r , 

■s=|A, 

£=0. 


From equation (2), 



1=2 

£r + 

Zn 

COS pj, 




Pr= 

-o. 

i.e. % 

s- 

=0, 

/= 

= 2 f R + 


=i» r . 


s= 

= |A, 

/= 


pr= 

= Jtt, 


s= 

=*A, 

1= 

=0, 

P s= 

= 3w/4, 


s= 

=3A/8 

I = 

-v/2 / 

Pr= 

=*, 


s= 

= iA, 

1= 

• - 2 l R + 


To plot phases of E, and / : We know that from pr=0 to 180° 
sine does not change its sign and hence E will not change its phase 
till 180°. But cosine changes at f}s=9CP so upto pr=0 to 90° 
phase of / will be same but after 0° its phase will be reversed, 
i e., a phase change of 180° till Pr = 270°. Further initially £ is 
leading / by 90° and hence the plot (fig. 7). 

Complex Number Diagram : With knowledge of amplitude 
and phase, complex number diagram can be plotted. For example, 
at Ps=iir, £=-y/2£ft + , for which it is necessary that E* and E~ 
should be inclined at 45° with resultant £etc. 

It should be noted here that upto quarter wavelength of the 
line (r = $A) voltage is leading current which is an inductive effect 
m which voltage leads the current. 

The input impedance of this line will be 



E+ _ j 2E r + sin P r _. rr . 

/+ 2£« + /Z 0 cos fs~ jZ ° ten 


Since Z, does not contain any real part, the input impedance 
ot sh ort-circuited line is purely reactive. The plot of Z, with p* Is 
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730 ° 30 ° 

AM&WWCE Of £ AAtO z 



PHASE 


(*fr f »t'f - 


T <■ 


Jr 

E 


e* * 


+ 

R 



Fig. 7. Variations in the magnitude and phase of voltage 

and current on a shorted end line. 


WOUC77HE 


shown in fig. 8 From phase diagram, E 
90 or s — 0 to JA and there- 
fore reactance is inductive. 

But from fi.y=90 o to 180°] 
i.e., t.) {A, current / 

leads voltage E i.e., a capa- 
citive effect and hence re- 
actance is capacitive and 
so on. 

We see that minimum 
voltage E min on the line is 
zero. If we define a quantity, 

S, to be the ratio of maxi- 
mum voltage to the 
minimum volage on the line, then 


leads I from 8s=0 to 



CAfiAcmve. 


LOAD 

End 

Fig. 8. Zs as a functions fls. 



£ ; 


max • 


E 


min 



For such a line, S is termed as standing wave ratio. 
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(ii) Line termination by infinite impedance, i.e. open circuited 

line (Z«=oo) : Line is shown in fig. 9. Since load is different 

from Z„, a reflected wave 

will be produced. The 

internal resistance of the 

generator is assumed to be 

z o- This assumption is 

made for steady standing 

wave pattern to exist on 
the line. 


At load 


Eg 

Z R 




£ 


6£V£fi/irO/? 







to reflected ’ § ‘ S zera Therefore 

opposite^ ? lnCldent waves will be 

opposite in polarity. Hence here 


LGAOS/zq 

Fig. 9. Open circuited lino. 


currents at the load due 
same in magnitude but 


Ir 




Ir 


follows The 3 energv + in ^ e t can rea °h a t this conclusion as 

collapse" ' This '! ' Z reduced to zero, .he ^ghltTfieid 

circuit. Therefore the wh ° St ’ D ° r Can il ** dissi P ated in open 
fie l d . In order for’ tt Cnergy must now be in electrostatic 

voltage wave 1st reflec ?T a,IC e fi ' ld s ' reng,h ,0 ‘"“ease, the 

and hence at pomt ff b k lh ‘ same phax from °PC“ end 


and 


E= E+ + E~ = E r V* -f E r ~ e~ 

==2 Er + cos 

/=/+ + /-= /*-*“'* 


m 


•• (I) 


=2,7« + sin p,=2/^ sin p*. ... (2 ) 

Thus, as compared to previous case, the conditions of « n ite 
fnd current are interchanged, i.e., which was ir,SI £ f , V ° . tage 

BnH re k i0US Case is now true fi° r current and the plots of ma 
d phase of £ and / will be as shown in fig. 10. gnitude 


Z. 


E 


jZ 0 cot pj. 


Wben Z * is Plotted as a function p.y, then the curves 
m shown in the fig. 11, are obtained. 


of the 
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4SC? 360° 27CT.jeo c 


Af/tOA'/rc/OS 


£aaoj 



Fig. 10. Magnitudes and phases of E and I on an open end line 


It should be noted from the 
phase diagram that from (3^=0 
to 90°, i.e. upto s=l\,I leads 
E, i.e , capacitive effect and hence 
Z, is capacitive : but from 5 =£A 
to E leads / and Z 8 is induc- 
tive and so on. It is quite obvi- 
ous that input impedance of an 
open circuited line is purely 
reactive. 

The value of standing ratio, 
S, will be again infinite for such 
a line since E m i„. is zero. 



Fig. 11. Plot of Z, as a function 

of p s. 


Example : What length of line is needed and how should it he terminated 

to act as a capacitance of 2pF at 500 mc/s. The line impedance <Z 0 ' is 30 
ohms. 


For open circuited lines, input impedance offered by the line is 


Z,=Z 0 cot (3 j. 

It is given that 

Z t = capacitive reactance 
__ 1 _ 1 
“2n fX c 6-28 X 5 X iO 8 X 10“^ 

= 159 ohms. 

159=* 300 cot 



Therefore, 
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or 


so that 


But 


271 

A 

, -i 300 
-tan 1 

159 

= 

= tan _1 1.9 

360° s 

A 

=62*3° 

s= 

62*3 

360 A 

i _ 

3*10 10 

A — 

500*10* ‘ 


60 cm. 


Therefore line length is 


^<2 * 3 

J== 360' XA=0 i73A=i0 '38 cm. 

Similarly for short circuited lines we can show that 

j=0*423A 
=25*38 cm. 

, Pr , obIem *; For low loss transmission line section which are 
™entefb°y‘ er ,he reactance can be repre - 

Zs—o*Ls when line is shorted 
ana Zs=]/wCs y when it is opened , 

L=ZJ v and C=-l/Z 0 v are the inductances and capacitances 
espectively , v is the velocity of the wave on the line . 

For short circuited line sections : 

inductWe. r It° is given by" ^ < 9 °'' “ J< ^ » 

Zs=jZ 0 tan 

when s < A/4, pj < 90° or pj-0°, we have 

Z s =jZ 0 f!s 

2rr 

— JZq ^ . s 

. Z 0 2 n v 

• v • s 
v A 

■=/• “• 2irf.3*=jutLs. 

<* . 

ror open circuited line sections : 

Refer to fig. 11. For p* < 90° or s <- A/4 in™.* « 

*s capacitive. It is given by ’ ,nput reac tanc« 

Z. = — /Z 0 cot p.* 

- -j -A_ 

y tan pj 

$ 


(when pj < A/4) 
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J- 


Zq.\ 

2ns 


j- Z 0 v. 


J 


1 


_A_ 1 

2Xv s 

1 1 


J 


or 


Zs 


C 2 irf • S 

1 

wCs‘ 


t oCs 


whirh T< ^ em i ^J ate . tbe ty P e °f transmission line termination by 

rwtiv* i P J u r f ectlon is produced ? Is it possible to replace 

T ° f ad by fictitious open and short circuited extension of the 

tiMo tnnA tb f e< J u i v alent short circuit extension of the reac- 

tivo Un a °f J. z f 1 / 11 * equivalent open circuit extension of the reac- 
sions ? J-500. What is the use of finding such eauivalent exten- 

Following terminations produce complete reflection 

(/ short circuited, | P |=l, 5=oo (i>=-l) 

(//) open circuited, |p| = 1 , 5=oo (F= + l) 

"V P ure 'y inductive (/will lag E by 90° so P=EI cos 90=0) 
t»v; purely capacitive (I will lead E by 90° so P=EI cos 90=0) 

_,{ t u reac ti ve load can be observed by replacing it 

illl 1 ° £ pen . or short circuited extension of the line. The 

the fictitious extension is so chosen that the reactance 

ac *ual load end is the same (input impedance of the 
extended section is equal to the load). 


Ac/00/ //ae 


I#** f GOO ohm 



Fig. 12 (a) Equivalent short circuit extension of reactive load. 

Voltage maximum occurs at length <X /4 from Zj? end# 


Transmission Lines 


108? 


Case 1 : Equivalent short circuit extension of reactive load 
j- 600 ohms : Extension is shown in the fig. 12 (a). Let its length 
be /'. Then we should have 

z s =z R =j.m 

But Z,=jZ 0 tan |3 /' 

so that ;.oOO=;Z 0 tan p/' 

=;.400 tan^/' j 
3 t / 360/' 

2 =tan (T- 

or 56 3°= 3 -^ /' 



or 0T56A =/' 


Since /' < a/4 so Z, is inductive. 

It implies that an inductive load is equivalent to a short cir- 
cuited extension with a length smaller that A/4. Since E is zero at 
the fictitious shorted end, this places a voltage maximum at less 
than A/4 distance from an inductive load. Larger inductances are 
equivalent to longer extensions and the voltage maximum moves 

towards load end, until at infinite inductance, the effect is that ot 
an open circuit. 

Case 2 : Equivalent open circuited extension of reactive 
load—j. 500 ohms : For open circuited line input impedance is 



Acfoo/ Litre 


Z 0 = 400 O/rms 



Z p =-f-500 

Ohms 



h *\ 

<X / 4 


Emax 

1=0 


Fig. 12 (b). Equivalent open circuit extension of reactive load. 

Current maximum occurrs at length <x/4 from Zr end. 
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or 


or 


tan 


^ t v 


/ 


■K 


/'=0-10 > A 

Since /' < A/4, Z, is capacitive. 

. 1D ? pIi< : s that a capacitive load is equivalent to an oDen- 
ended extension with a length smaller than A/4. This leads to a 

voltage minimum or current maximum) at less than A/4 distance 
from the load. Larger capacitances are equivalent to longer extern 

veffhuee ^ voha £ e , min j mum to move closer to load. A 

^ the load P 8 ‘ VeS th ® effeCt of a short circuit » with 

minima 6 these ^ extens * 0ns be,p us to ,ocate maxima and 

Dattenf frf hi 6 " • CUrn ; nt on the line - Thus standing wave 
pattern and hence the impedances at various points is found 

amch^JZ significance. b ' SOmC ReSis '*““ 1 ™ S is of 

a resUtanf-f? W c ° n<dder tba *; a transmission line is terminated by 

• C . oni Sl ^ er ’ " he , n svv 'tch S is not closed, the initial value 

e Now f hf n a v d h . C v °. lta f e at the in P u t terminals of the line is 

Then N f+-f H ‘f' S C ? Sed ’ 7l bccomes U (sav) and e x becomes <- a . 

(fj e x ) voltage wave will travel towaids the load end 

and therefore corresponding value of current will be ^=/+. 

renrZpnLa ndCr u SUC ^ co P^'tions, the equivalent circuit can be 
represented as shown in fig. 13 ( b ). 

ThJ!?- iS < eC !u iVa,ent c ' rcu ‘ t can be replaced by another by applying 
Inevcnin s theorem as shown in fig, 13 



iwe 



ent arcurr 
d) 



Fj K ! 3 . Line and Equivalent Circuit 


MOO/Fl ED 

BQVMLE/VTC/fiCWT 

C C) 
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_ Now in this overall series circuit total voltage is 2e + and total 
resistance is and hence current will be 


7 - 2e+ 

h R+R 0 

2e+R 

Therefore e R =l R .R= ^~- 

J\~r Rq 

Voltage en at the load will be due to the sum of incident volt- 
age e + and reflected voltage e~ and hence 



2 e+.R 

R + Ro 



. R-R 
e ' R-\-R 


o 

0 


Therefore, reflection coefficient, 


_ reflected voltage e~ R-R 0 
P incident voltage - e + — R-\-Rg' 

If R — R 0 , p=0, i e., no reflected wave, 

R—0, p= — 1, wave in reflected with full amplitude but 

reversed in polarity. 

Thus the amplitude and polarity of the inc : dent wave on 
reflection depends upon the ratio R/R 0 . If R > R 0 , P is positive, 
i-e. s incident wave and reflected wave are of the same polarity. 
If R < Rg, p is negative i.e. polarity of the refleted wave is 

reversed. 


Now we shall discuss a particular case when the line is ter- 
minated by resistance equal to 3 times the characteristic resistance 
of the line. i.e . , R=iR 0 . 


Obviously 


, 37? 0 Rg 

3Rg-YR 0 
= 0-5 . 


Since P is +ve, reflected 
wave will be of the same pola- 
rity but of half the amplit de 
of incident wave. So if E R + is 
the voltage at the load due to 
incident wave and Er~ that due 
reflected wave, then 




Fuither, the incident and 
reflected current components 

Er + 

are given by Ir + — ■= — 

7<o 


Fig. 13 (d). Line terminated in thrice 

the characterise ; resistance. 
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I r - = - E Jl Z. = s __ pe *+_ 0-5£'«+ 

Th , . R » R ~ *T~- 

voltage is^r ejected" baclTfmm b< ? had as follows ; since 

with half the incident wav- ? ! n the sarae Phase, though 

field increases. This implies a corresDondma?" 8 ^ of . e,ectr °static 
that I R =_ 0-5 [ R + at the load P ^ ng decrease in current so 

Now at the Stance * from the load end, the voltage will be 

= E R + e ^ s -f E R ~ e -JP> 

E R + e ^+pE R + e -JP3 

Er+ (1 +P) cos fis+jE** (1 -p) sin ps 
-1 :Er + cos ps+jO^E R + sin (Is, 

0 i.e. s—0 E^1-5E R + 1 Both are perpendi 

l%e% s ~~ [ 9 0*5 Ek + j cular to each othe r 

L « m 


E 


SO that at Ps 

fa 

Ps 


toA . ; ' ^ j '-uiai iu eacn oiae 

’ l e S ~ I ’ ■^ == ~^‘5£'/? + -»’phase is reversed. 
# # * • • • 


gram?" a fMction^l f JsZinZVg. R C ° mpleX DUmber dia ‘ 

ow for the plot of current we see that current /at P, 

/=r R + e m + j R - e - m 


E r + 


e r + 


e r - ta 

-jr~ e?> 
** 0 


R„ 

E_R + 
R o 


eft* 


pE R 


R, 


- ffi* 


(i p) cos Ps+j (j -fp) sin Ps 

R o 


so that at 


PS: 

Ps 


0 

= 0‘5 f R + cos ps+j. 1-5 I R + sin ps, 

=0, i.e., s =0, 7=0-5 I R + 

; 90 i.e., j=a/ 4, 7=/l-5 /*+ 

These data 8 °’ I***’ J==A/2 ’ /= -°' 5 ^ + - 
grams for current P t0 P * 0t ma S n hude and complex number dia 

Here we note that E min .= 0 - 5 , Er+ , 

nrv * c ^tnax’ 1*5 ( E r + I 

Therefore standing wave ratio 



E 


Emin* I 

V2 


max • 


E • 
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COMPLEX A/UMSEP D1A&PAM 

(a.) 



\£\ 

II! 




Tig. 14. Voltage and current relations for a line terminated in a 

resistance /f=3 R 0 . 

i.e. the amount of variation of r.m.s. voltage in such a case will be 




1-5 

0-5 


Eh 


= 3 . 


R 


v .. Fr ° m com P ,ex number diagrams, we observe tha* maximum 
voltage occurrs at points where reflected and incident voltages are 

in phase, while minimum voltage occurrs where the two are in 
°Pposite phase and hence 

I E maz . | — | Eft* | -f* j Er~ | 

= I Er+ I + i P I I Er+ I 
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min- 


Hence S.W.R., 


. =(• +!/>]) 1 £r + | 

311 I Emin- | = | Er + | — | E R ~ | 

= ,| Er+ I — I P | | Er + J 

=(I - I P !> j e r + I. 

Hence S.W.R., C— ! E m g X - I 1 -i- | p | 

! -Emin- | I — | P | * 

to zero st^l Clear,y s ^? ws * ba * wben reflection coefficient tends 

coeSS is d u„ 0 i 8 tv W ”, e „? ,,!> tC ” ds ,0 ^ - while reflection 

case is with SK’ ® nd,ng wave rat 'o tends to infinity The latter 
standing wave 'S ”K ted ° r °?f“.«rcuited lines. HJgh value of 
uction of maximnn? undesirable since it results in the red- 

insulation ca^wit’h^f; 0 ^, 86 betwecn the conductors That The 
value of the voltage hpt ’ Le £ this maximum or limiting r.m.s. 

.rnnsntittc^’^S^^M^^power 

Ps =\ Emar- | | I min . |, 

mum 6 voltage ’ s maximum, current will be mini- 

case of res.st.ve load. Substituting | I nln ,=| Emtn . \/Z 0 , we get 

p _ l Emaz * | | E m i„. I 

z * 

C ? araCtCriStic resistance of the line. Further the 
standing wave ratio is 


min 


s 


so that 


Emar- | | E [lm . I 

Emin- | \E n ( n . |’ 


E, 


min 


\E l 


lim 


s 


Therefore power transmitted becomes 

„ \Elim | | E ltm \ts 


p 


Z, 


\E 


lim 


~ Z„5 ’ 

which shows that standing waves cause a reduction of power capa- 
city. In short or open circuited lines 5 is infinity so that P is 
zero. 

fiv) Termination by complex impedance : We have noted 
that in the case of short circuited and open circuited lines, wave is 
reflected with opposite and same polarity respectively but with full 
amplitude. However, in the case of resistance termination there is 
a change of both amplitude and phase depending upon the value 
of load resistance Similarly in the case of complex impedance 
change in amplitude and phase depends upon the value of the 
impedance. Suppose the load is such that 



Transmission Lines 
Then obviously, 

E r + 0 ' 

£ R -=Q-5E R +e'-*\ 

Thus phase between reflected 
and incident waves will be 60° at 
the load and the amplitude of 
reflected wave is half the amplitude 
ot incident wave. 

Total voltage at the load 

=E r ++Er- 
= E r + +0 5e i ‘ 6t E r + 
=Er + +0'5Er + (cos 60-t-y sin 60) 

— 1'32 E R +e Jlt -'. 

Total load current=/« + — 0'5/fi + e^ 60 

=^-[1-0-5 cos 60-0-5/ sio 1 0] 

Kq 

= 0-866 S - e --' 30 
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Fig. is. 


U) 


Let 


R o'' •• i2) 

The general equations for voltage at any distance s from ihe 
load end will be 

•Ett+eV+E/re-**. 

Er + p 

E r + | P 1 e'* 

E R +e>»+ | p | e».E R +er>f 
=E r + (1 + | P | e**) cos pr 

+jE R + O — | P | e**) sin p*. .. (3) 
lilarly for current the expression will be 

I=I R + e>^+hre~>^ 

Er + ... Bi- 


Er~: 


E 


Si 


Ro 
E r * 




R 


eP *— | p | e**. 


...(4) 


Ro’ 1 r 1 ’ ' Ro 

=T r + (1 — I P I e>*) cos Ps+jI R + (1 + 1 P I e») sin p*. 

Like the previous case, here too we can plot the complex num- 
ber diagrams, amplitude of voltage and current at different points 
of the line with the help of equations (3) and (4). 

Since equations (1) and (2) correspond to the quantities at 
the load end, the load impedance that produces the assumed value 
of reflection coefficient is therefore 

z *=T,=\m6 

= 1*53 R t .e*** K 


- n 




7QANSM/SS/&V UNE 

* 
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siandJng^wavepattern^lone (he^r Cnt ^ etermines , the Position of 

shape of the pattern ng the mC and ma £ n,tude determines the 

termi?lLfng b impedancVofS e H U ‘ S fh 0t P ossibIe . to control the 
being fixed anannm^h t ^ ne ’ the characteristic impedance 

made by connecting a sti>h°| SeCUre matcbla S condition is, however, 

i™porLmasfo'b;rs^? e a d nd ' ,SPOint0f b °’ h *" 

Let us consider a line with 
characteristic resistance R n and 
terminated by a resistance R 
Suppose at distance / from load 
end, i.e., at AA points a stub 
line is connected. Then if the 

°° the transr nission 
nne at AA, becomes equal and 

opposite in polarity to the wave 

on stub line at AA, then both 

will cancel out and the r e will be 
no reflected wave on the trans- 
mission line in the portion XA 
Such a behaviour is expected 
only when a line is terminated 

AA po^ n t s^shfoi il a nc e o r in other words, the net impedance at 
resisC and equal to R u , the characteristic 

and onnosite th S the Stub bne must °^ er on ly a resistance equal 
that bmh hC / ea ^ tanCe of the transmission line at AA, so 

mDedancc a? !/- Ut , a ; id ° nly resistive component 

Those inont - ThUS StUb line shouId be 

is nresenrt f mpedance purely reactive (no resistive 

present) for example, short-circuited line. 

Thus there are two considerations : 

<lJr ength e f tbe ]ine *°the points at which stub line is 
r ° m . en d should be such as to offer a resistive 

component R 0 in the impedance 

(b) length of the stub line should be such as to cancel the 
reac ive component of line impedance by its input reactance. 

Mathematically, input impedance at A A of the fine will be 

♦ (Rcos P/+y/? n sin p/ ) 

(B 0 cos 3/+y7? sin (3/) 



SHOfiT 


Fig. 16. Stub connected line 


d M M ^ ^ 

of the line 
such a line 

component 


*Z 


in 


Ei 

h 


Now here 7 0 ^ 

sin uV/_- . 3nd PUl 

s in cosh y/=coi p/_ 


£«~cos h~ 71+ r R jZ n sinh 7/ 

osTy/+^/Z 0 sinh 7/ 

ft 


e r =i r r - 7=yp 


so that 
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1 


where G 


in 


R in 


in — Gi n -\-jBin, 

1 


conductance, B in 


susceptance 


Y, 


in 


X,n 

B 0 cos W+jR Sin )8/ 

B 0 (R cos* ?J+jR 0 sin* p/) 

RRo 

R 0 (R 2 cos 2 p/+ Jvlmp/) - 

. 7 1 - /? 2 - j? n 2 ) sin p/ cos p/ 



that 


We know from consideration (n) that*/ should be + chosen such 




RRo 


1 


R 0 (R 2 cos 2 (3/+/? 0 2 sin 2 p/J 


7? 


R 


cos 2 p/+-° sin 2 p/=cos 2 P/+sin 2 p/. 


cos 2 (3/. ( 1 




i 



tan 2 £l=R/R 0 

T , . , . tan(3 l=V(RIR 0 ). ... (1) 

Ioa , lh l s reIa ^ on obviously gives the length / of the line from the 
load end at which stub line should be connected. 

Now for consideration ( b ) : 

input reactance of stub line=-r4— . 

]B in 

Now >"P ut reactance of a short circuited stub line=fR„ tan B.t 

ofs,ub une - The,efore ' “ 

= —jR 0 tan Ps 


or 


jB in 

jBfn 


I 


or 


J 


jR o tan (3j 

sin (3/ cos p/(/? 2 -/?„ 2 ) 

^oTk* cos 2 |3 l+B 0 * sin 2 p/) R 0 tan ?s 

= /? 2 cos 2 (3/+7? 0 2 sin* p/ 


tan p.y 


(R i -R 0 2 ) sin p/ cos p / 

M - * 


tan 


Hi 
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— 4 - ^L. 

R 0 R ' R 0 


1 + 


R 

R n 


1 + 


mi- % ) ad is 


R_ 

R» 


Ro 

R 


/(*)■(£ 


i 


On further simplifying. 


tan Pi 



...( 2 ) 



1 


f equation g' ve s the proper stub line length. Thus having 

' a .. l “ e two considerations, it is possible to match a trans- 
m , v ! n ine by the application of a stub line. This causes the 
',^; m T tran l ference of energy from input to the load end. Froir 
f e ? ! t0 Sfu b connec ted points the line is resonant one, but 
s uj connected point to input end the line is non-resonant. 

fl o obtain the values of the line length and stub line length in 
terms of standing wave ratio : 

• ^ n P ut impedance Z h looking towards the load from any 
pom (distant / from load end) on the line, may be written as 


Zi 


Ei 

h 


Er cosh yi+f R Z 0 sinh V l 
Ir cosh yl+E R jZ a sinh yl 



[(Z r -f- Z n ) e yl +(ZR 
( Zr+Z 0 ) e yl — (Z.R- 
Zn[e yl + Pe- y, J 


- Z 0 ) e'»] 
Z 0 ) e~*‘ 


•>l 


Pe-v* 


where 


Zr—Z 0 

Zr-\-Z 0 


called the reflection coefficient. 


ff rom equations (1) and (2) we can also arrive at the same requirement 
With load R 9 reflection 


is 


so that 


I PI 


S 


• • 


giving 

and 


tan pi 
tan p.s= 


R-R* 

R-\-Ro 

.ld±L 

1 - IpI 
VS 

( 5 - 1 ) 


R_ 

Ro 
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we find^ liDe ' S l0SSkSS “ =0 U ‘ y= ® and writin S p 


,u 


Z { = 


Z 0 [e^ l +\ P I e>W>] 


eM — I p i 

so that the characteristic im P edance is purely resistive, then Z 0 




Z t = R 


0 


• • 


Input admittance, 


1_+ I P I 


Yi 


Writing 


zC 

2 

Ro 


1 


’-I P I ZI^-20/) ^ 


\i+| P \/.(<p-2pl, 
=G 0 , we get 


Yi=G 


1 


I p | cos (<4— 2 ft/)— j | p | sin (<4 — 2|3/) 




1+| P | cos (*-2 p/)+y | P | sin (*-2p/) 
G„ I 1 1 P 1 sin (<4-2fi/ ) - | P i cos (<4-2j9/)l 


1+| P I cos (*—23 /)+/ 1 p | sinJf^pT)] 

x C L4 I p 1 sin (<4- 2g/) +l p | cos ((4-2 (3/)] 

[1 +| P | cos (<4 -2 (3/j— y | p i sin (j>—2fuy\ 

=^G n f ^~^' I P I sin ( <^ -2S/)' 2 — I p j* cos* (<4~ 2(3/) 1 


G, 


L|l+ i p | COS (<4 -2^)]*-)- 1 P|*sm*/* 

fj-|p l 2 — 2/| p [ sin (4-23/11 


1.1+1 p l 2 + 2 | P | cos (*-2(1/) J 


2P0l 


or 



Therefore, 


I P I* — 2/ 1 P i sin (<4 
i+i p f+^ jp i cos ( <p 


23/) 


and 


Gi 

G 0 

Bi 

G„ 


1 


l p 


19 


1+j P| a + 2 I p i cos (*-2£/) 
2 I p | sin (*-2/3/) 
i + | P |*+2 1 p | cos (*-28/) 


...(3) 


Now our P'-st condition is that resistive part of inout i mw 

d u? ce at - * PO' n t distant / from load end must be equal to the 
c -^ract.iistic resistance and heuce 


So that 


Gt 

Gi 

<v 


Ro 

l. 


Since G, 


4 ) 


Therefore, from equation (1), we get 

1= 1-1 p,? 


1 + i P | z + 2 1 p | cos (*-2)3 /) 
1 + | p l*+2 | P j cos (<4-23/) = l -| p|* 
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or 

or 


Since 

thus 


or 


| P 1 + cos (q4_2p/)=0 
cos (<f> — 2(3/) = — | p 

C . 0S ~„ I (~l P l) = — ^+cos -1 J p I 
— — — n -f cos -1 | p 

_^ + 7T— COS -1 I p I 


/ 


2 


...(5) 

connlcted^^ 8 ^ lgngth ° f Hne at Which the Stub should be 

danc^t W tK C ° nd ™ ndition ,V s that the reactive part of input impe- 
riled V th. ? ° in l • ,Stan | 7 fr ° m load end ’ i e - Z < must be can- 

! n J " e n m . ls * offer onl ly reactive impedance. Such lines whose 

Dedanrp Ip"® 8 *!, Let us ^ a short circ uited line. The input im- 
pedance of a short circuited line is 

jR 0 tan 35 

where 5 is the length of stub line. 

So the susceptance B, is 

1 . 

jR 0 tan Ps ’ 

B * = ~jG 0 cot fis. 

rcnnirf*^ , second condition demands that susceptance of stub, B„ 

q . % cancel the line susceptance, must be negative of B t . 

• ‘ +*8 

2 | p | sin (J>— 23 /) 


i.e. 


+G 0 . 


from (4). 


B,=G 


Go- 


! + l p \ s +2 | P j cos (<j>—2$l) 

Cutting the value of / from equation (3), 

—2 | p I sin (n— cos -1 [ p [) 

1+1 P P+2 | P | cos (?r— cos -1 I p |) 

2 | p | cos n . sin cos -1 [ p | 

1 — | P \ 2 +2 | p | cos rt.cos cos' 1 | p | • 
Now putting cos- 1 | P | = 6, 

tben cos 0 = | p |. 

sin cos -1 | p | = sin 0=^(1— | P | 2 ) 

anc * cos cos" 1 | 0 |=cos 0 = | P |. 

Therefore, 

2 I Pf V(l-|p I 2 ) — 2<7 0 ! 




0 


Vd |p| J ) 


1— I P |*-2 | P | 2 “ 
Putting 2?,= — G 0 cot 3-r, we find 


1 


•cos- 1 (— i)=e 
cos 9 = — -1 , 0 = 


cos -i r— i)=7t+cos~ l ( + 1) 

=js +0 


=- or —is 
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cot pc— -.1 p I V'H-l p P ) 2 


• • 


tan (3j 


1-1 P I 

V(1 ~\p p ) 


V(l— I P In- 


putting , 


tan (3s 


2 | P j • 

■ •S' — i 

PI j , S being the standing wave ratio, 
= VHS+iy-C 5 - 1)2} ^ $ 


•••( 6 ) 


1 


2.(5-]) 

V5 


(5-1)- 


tan- 1 

P (5-1) 


p ' V*^ */ ••*(7) 

wave ratio. °EqSt lon % ) n a kn h f S ' U b line in terms of standing 
<ng wave ratio as follows : bC represented in terms ofstand? 

l == t± n -^os- 1 I p | 

~~2p 

<f> + n — COS -1 ($■ — M 

__ \5+l / 

2p 


If the phase of reflection coefBcient is zero then 

,-cos- 1 

t= , \5+i ; 

2P 


•• ( 8 ) 


-(9) 


compared •» °p en 

Z a Sh ° r ' ctaited be easily constructed, 


26 4. STANDING WAVE RATIO : 

A 


other than by a load 

fs&ssxs: art-vr 

< 'Onseque n tiy j a steady wave pattern lilUxX'S Ua^nl 
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standing wave ratio is defined as the ratio of maximum to the 
minimum magnitude of voltage or current on the line having stan- 
ding waves i.e., 

* S J E ™ x ' 1 ...( 1 ) 


Since I £ 


max* 


s 


min • 

w 

Z 0 | Imax* 

I / 


and | E m { n . | — Z> 1 I min* |> 


max* 


Imin* 


...( 2 ) 


The voltage at a point on the line will be maximum if the two 
wave components E+ and E~ satisfy inphase condition, i.e., 

1 Emax ♦ ) = J/k (Zr+Z 0 ) [1+ | p |], 

Emax- I 1 + I p I 


so that 


S 


Emin- 


1 


..( 3 ) 


expressing standing wave ratio as a function of reflection coeffici- 
ent. Obviously, as for short and open circuited lines reflection 
coefficient | p \ is unity, standing wave ratio is infinity. For a line 
which has no reflected wave (a line terminated in characteristic 
resistance), reflection coefficient is zero and standing wave ratio is 
unity. Variation of S with | P | is shown in fig. 17 (a). 

Further, power delivered to the load, P, as a fraction of in- 
cident wave power or power delivered to a matched load can also 
be expressed in terms of standing wave ratio. Because 

P _ P*-P- _ P- \B-f , „ 

P+ P+ p - f 1 I £ + 12 1 I " ' ‘ 


From equation (3), 


Ip 


s-i 


s+l 


so that 


when 



or 


or 



45 


(£+1)* 


...( 4 ) 


•This also termed as voltage standing wave ratio (VSfVR). I® 
surement of standing wave ratio, readings proportional to the square 0 
tage are sometimes obtained and the ratio of such readings is caH*d P° w 
standing wave ratio (PSfVR >. 
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leads^Yh^T P- redicts that a hi 8 her va Iue of standing wave ratio 

fore, not desirable. The dependence o poier de h^cS to'fhe S 
can also be displayed on proceed.ng wkh equat on ( 1 ) s 5 nce f 
point of voltage max-mum on the line corresponds to a cuncnt 

minimum, we can write, F d current / 


E 


F 


max • 


max • 


| Imin- | 
I E-min- 1 


Ze 


For 

we arrive at. 


5= 


max’ 


I L m ( n . 


max 


max • 


sz 


9 

implying that a higher value of slanding wave ratio remit, in’u^ 

« aeliv-ered £ 




Fig. 17 (a) Standing wave rauo as Fin \1 <h\ 

, . ‘'-to; standing wave ratio 

a function of ref ection a f , 

• . Bs a function of re- 

coefficient. . 

Tr .. „ , flection losses. 

it a line of characteristic resistance A. is terminal • n 
that R j is less than R 0 , then reflection coefficient will be d SU ° h 

r _ | /?i— /?Q 

|i?i+i?o 


So that the standing wave ratio is 


1 + 


( | J?i— J? 0 |\ 

\ 1 E,+Jt„lJ 


1 + 


Ai -K 


Fi+R 0 


*0 

Ri 


• ft • 


( 6 ) 


than^ th t e h en me ^ ^ terminated in R * such that R a 

^2-^o I 


P=- 


/? 2 + /?0 


*s greater 
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S 


••( 7 ) 


so that the standing wave ratio will come out to be 

*2 
'*o‘ 

From equations (6) and (7), if the standing wave ratio is 
same in both the cases, we get 

R* R , 


R 


o 


o 

R 9 

/? 0 = V(*1*2), 

that is, characteristic resistance would be the geometric mean of 
the two terminating resistances. 

The standing wave ratio on a transmission line can be observed by 
exploring along the length of the line with a pick-up arrangement that will 
indicate the strength of either the ‘electric field, (line voltage) or the magnetic 
field (linear current) in the vicinity of the line. For coaxial systems a typical 
example of such a standing wave detector is shown in fig. 17* ( d ). 

This consists of a sliding probe which extends upto a short distance 
into a slotted section of coaxial line. The probe is connected to a crystal 


Gscil/otor 


fx^Traoiling probt & 

y 7 Indicator 


fixed Attenuator 
( Optionee*) 


'JO- 

* 

“ 

1 

1 


- <■ / 

—C 

U - . 



Impedance 
under [nueUigati 


Scale ShoLbina hoiit'on 


of P 


'9P 

robe 


Fig. 17 ( c ) System for measuring standing wave ratio. 

detector and microammeter. This device actually measures the electric in- 
tensity ; but, however, the electric intensity is proportional to the voltage 
between conductors, so that the standing wave indicator may be assumed to 

n 

M90&E 7VWA/G -H 

ADJUSTMENT 

MOUASEE SMD*r 
CJXCU/T 



D/ELECTR/C 

SVP/°0?T 


PfiO&E 


CRYSTAL 


L/A/E 



Fig. 17 ( d ). Probe and detector connection* 

be a voltage measuring device. An oscillator is connected to one end of che 
slotted line, while me other end is connected to the unknown impedance or, 
alternately, to the input of the transmission line to have its standing wave ratio 
observation. A scale on the standing wave indicator is used to measure the 
distance between the terminal impedance and the voltage maximum or mini- 
mum. In this way standing wave ratio is determined. 
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Lecher-wire system for measuring frequency of a microwave 
oscillator : 

A section of transmission line is connected to the resonant 
circuit of the oscillator. When the line is adjusted to a resonant 


PARALLEL MRS 
TAAHSM/SS/OA/ L/NE 


M0M8LE SAOT7 

*C/ECt//r 


'm/ ceo mure 

GSC/LLATOfi 

Fig. 17 ( e ). Lecher wire system for measuring 

frequency of a microwave oscillator. 

length, the energy coupled from the oscillator is able to build up an 
oscillation of large amplitude on the line. The shorting bar is 
moved along the line. At the shorting bar the standing wave of 
voltage will always be zero and the current standing wave will be 
at its maximum. Therefore, if a curient indicator is connected in 
the shorting bar, it will detect the positions of resonance when the 
bar is moved on the line. Thus a shorting bar is moved over 
the line and a measurement is made of the distance between two 
successive positions that produce resonance. This distance is the 
half wavelength. Tne frequency of the oscillator can then be 
found out. 

26 5-1. INPUT IMPEDANCE OF DISSIPATION LESS 

TRANSMISSION LINE : 

Here we shall discuss the t o- 

impedance offered by the line T 

at the input terminals. Load I 

end is taken as the reference r r 7 - z * 

point. Cs,Is>*9 frl** 

Case (A) : Input impedance 
of a line terminated with any j 

impedance. < L- J — -3TT, 

Voltage and current at the Fig. 18 (o), Transmission line termi- 
lnput terminals are nated with impedance Z R 

Es—Er cosh yl+I R Z 0 sinh yl , i ') 

ru a- Is Z lR C ° S , h 7l + E «l Z o sinh yl. " (2) 

the sending end impedance will be 

2 ? — Z [ Zr c °sh yl+Z 0 sinh yl] 

3 Is [Z 0 cosh y/+Z« sinh yl] 

For loss-less line R—G = 0 and a=0 so that 

7=a+jp=j^j2n/A. 

Input impedance (Z, ) is given by 

^ Z 0 \zr cosh y+Z„ Sinh y| 


C* 




x=l 


Fig. 18 ( a ), Transmission line termi- 
nated with impedance Z R . 
rZ 0 sinh yl ...(1) 

Ek/Z 0 sinh yl. ...(2) 


Z, 


Z 0 Zr cosh 


sinh 


¥1 


cosh 


2njl 


+Z r sinh 


2t xjl 

T" 
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(i) 

A =4 /. 


For quarter wave line : In case of quarter wave-line 


We know that 


f2u 

4/ 


JjL 

21 • 


_ ?o_l Z^ cosh y/4-Z 0 sinh y/ ] 
1Z 0 cosh yl+Z R sinh yl] 

Z 0 J^-f tanh yl 


Z 


0 


Hence Z,' is given by 

Z* 


1 + ^r tanh yl j 


Z,' 


Z 0 


7 -f tanh 
^0 / 

l+f?t.n h>/ 

Zn 21 


z 


0 



7 cot 


5 \ Z* 

2JZ 0 


+ 1 




Zo! 

c z« ’ 

= Z/? x Z s ', 

. V{Z*Z/}. 

equation shows that if characteristic impedance of the 
Lne is the geometric mean of two impedances, these two impedances 
will be matched by the quarter wave line. 

From relation 


Zo 2 

z 0 = 


7 '=11 

3 Z*’ 

it is obvious that the line transforms an impedance of large magni- 
tude into one smaller magnitude and vice versa Thus a lossless 
quarter wave line acts as an impedance changing device i e , what- 
ever be the terminating impedance, an inverse impedance will 
always appear at the input terminals Thus quarter wave line is 
an impedance transformer. Refer to solved numerical problem 9. 


Uses of Quarter Wave Line : 

(a) As a matching device : Since a quarter wave line acts as 
impedance transformer, it can be used to match a transmission 
line to an antenna. Refer to numerical example 9. Load impedance 
Z R as well asZ,' is given. We then connect a A/4 line (in between 
Z/ and Z R ) having Z 0 =V(Z*Z/). Z 0 can be calculated by the 
relation Z 0 = 276 log sir for two wire parallel ’line, s is separation 
between the centres of two wires and r is radius of the wire. 


(b) As a harmonic suppressor : It can be seen that quarter 
wave line also suppresses the harmonics of the wave frequency. If 
the line is short circuited Z/?=0, then input impedance is infinity 
(Z 3 =x>). Therefore, if across a transmission line feeding an 
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antenna, a quarter wave line is connected, then since Z/ = oo, there 
will be no effect in transmission at fundamental frequency. But the 
same A/4 line will behave as half wave line at second harmonic 
of the frequency, and because for halfwave line Z S '=Z R , Z s ' will 
become zero. As a result the voltage that correspond to second 
harmonic will be short circuited at the input terminals of quarter 
wave line and will not be delivered to the antenna. In other words 
it will suppress the second harmonic. 


(c) As an insulator to support 
an open wire line or the i-.ner conduc- 
tor of a coaxial line : 

Input impedance of a quarter 
wave shorted line is very high, vol- 
tage distribution on the transmission 
line will not be affected by connect- 
ing such a A/4 line across the trans- 
mission line. Consequently they act 

(ii) For half wave line A =21. 




1 

r 

1 


1 M 

v ^ 



Fig. 18 (b). 

as insulators. 


• -N • > • 

] 2 n j 77 ]k 

T = 2T=T’ 


z 


i /W 

~--f- tanh 
S-o t . 


1 +~ tanh J 
^0 



Zr z 0 

Zo 

Z R . 


Zr, 


Thus the input impedance of a half wave line is equal to the 
load impedance. The load voltage equals the input voltage in 
magnitude but is opposite in polarityf. The behaviour is quite 
equivalent to that of 1:1 trans 


Jormer and hence a half wave 
hne can be considered as 1 : 1 

transformer. 

Case (B) Input impedance of 
a line when it is short circuited : 

We have derived the ex- 

presssion 

. ^o [Zr cosh y/+Z 0 sinh yl] 
cosh yl-VZ R sinh 7i] ' 

f E,=Er cos p/ + jf R Z 0 sirTp/ 
For / = A/2, 

E*— — E r . 


Ztzxjuf- 



F ig. 19 . Short-circuited 

transmission line. 
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When the line is short-circuited, Z* = o, so that 
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Z 


' ]z R 


Z n [-l-Zp sinh yll 
Z 0 cosh y/ 

Z n sinh 71 
cosh yl 


If the line is loss less, then 


[z/j 


Z 


z 0 sinh M 

° ^coshTSM =jZ " tan ( 


2 njl 


2 nl 
A 


such 


rtauIT^VJbe imPeda " Ce ° f 3 line « terminated 


f Z/ jz»= 0 = -' Z ‘ (an ( 


2rr A 
T 4 


z 0 tan 7r/2 = oo. 


infinite imped anc^at t^genemor WaVC Hne P “ tS 

Th#* m«,.* ' « 


an 


inductance uptoThe ^uarteT a J h0 ?' cir ';, ul,ed line acts as a pure 

*.7Z. as a function # T^eTal" 8 ?,, <1"“ T "' "* 


I 



44 


|4£ 


5^ 



Fig. 20 (a) Impedance ratio Z//Z 0 for a short-circuited line as a 

function of £/. 

Case (C) : When the line is open-circuited : 

• J. fthe line ** o p en circuited at its far end Z R = oo the inout 

impedance can be obtained from the general expression for z“ 

Z. —7 f Zr cosh y/] _ 

L jZ R =co l Z/? sinh yl\~ Z ° coth 71 
If the line is lossless, 


M 


Z R =co 


Z Q coth 


2njl 


If the line is terminated at /==A/4 

i t ^ i y 


) = -JZ, 


cot 


2nl 


A * 


Z 


, 1V4 

* Jz* 


CO 


7?, co, ( 2 f . *. )=„. 
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Hence an open-circuited lossless A/4 line presents zero impe- 
dance at the generator end. 

The input impedance of an op~n-circuited line acts as pure 
capacitance upto the quarter wavelength of the line. Ratio ^ as 
function of p/ in this case is plotted in fig. 20 (b). 



Fig. 20 ( b ). Impedance ratio -y- tor open-circuited transnission 

^ 0 

line as a function of pi. 

26 5-2. OPEN AND SHORT-CIRCUITED IMPEDANCES 

WHEN CONSIDERING DISSIPATION : 

Voltage and current equations are 

E=Ae yl +Be~ yl 


A e Y '+ 


! - ] 


Ir 

2 


(Z R +Z 0 ) | 


-Z 



- e 



Er (Zr-\-Z 0 ) 


and /— I- (Zr-\-Z°) 


2Zl ~ + I > I 


2Z 


[e n - | P | «?-«]. 


Further we have shown that 

R 

* 2Z 0 * 

then if R, the line resistance per meter length, is small with respect 
to 2Z 0 , and tne line is short, then <?" terms may be written as 

e yl —e al eW 

= (1 +a/) (cos fil+J sin fil) 
so that = -«/) fcos fil-j sin pi), 
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M( 


1 4“ v.l 


Z 


[(■'+» 


*~) cos Pl+j («/+^Jsinp/j 


fil+j ^ • + */ ^ j sin pi J 


IA ' Z R ) {“‘Tzjsmptj (1) 

and /=ff s /Z,, [(«/+^) cos P/+y (l +«/§-« ) sin 0/ ] 

Then input mpedance of this line of length /, will be 

Z,= 4 =Z„ l ( z «±^e±cos pi+J ( Z R xl+Z 0 ) sin p/ 1 

1 \ {ZrxI+Z~) cos pl+j (Ztf+a/Zo) sin /?/ J ' 

SHORT CIRCUITED LINE 

become ^ * S Sh ° rt circuited > equation (3) with Z*=0 will 


Z 


(z.) s /i W u c( .=z 0 f^o^l±jtinji\ 

\cos p/-j-/a/ sin £/ / 

=Z„ (gZ-g ° s ^+7 sin p l) (cos £/+/*/ sin (3/> 

(cos 2 p/+a 2 / 2 sin^e/j ~~ 

= Z n - /cos * ?/+«/ sin 2 p/ -4-/ f 1 — a 2 / 2 ) sin 0/ cos p/1 

Uos* p/+a 2 / 2 sin 2 p/) 

J a ^4*y (I — a 2 / 2 ) sin p/ COS p/] 

1 - (1 — a 2 / 2 ) sin 2 )87 


.. ( 4 ) 


Z„.a/ 


(1 — a 2 / 2 ) sin 2 


+ 


jZ ( 1 - tt 2 / 2 ) sin (2tt//A) cos (2r~l'X) 

1 -(l-a 2 /<) s in 2 p/ 


— (/?*) ce<fd+y (A',) ,*, r< fcte<J . 

This input reactance of a short circuited line is 

Y — Z " (1 —a 1 / 2 ) sin((277//A) cos (2nl/\) 

S 1 — (1 — a 2 / 2 ) sin 2 £/ ’ 

which is inductive for / lying between 0 aDd A/4, capacitive wnen / 
lies between A/4 and A/2 and so alternately. Thus it shows the 
same nature as shown by input reactance of a dissipationless short 
circuited line; the difference is that for dissipationless line input 
impedance becomes infinite whereas for dissipation line input 
reaches a maximum but does not become infinite. 

Variation of resistance along the points of short circuited quarter 
wave line with dissipation : We have shown above that 

R s = f 

l-(l-a*/*) sm l 

so that the resistive impedance seen at the open end of a short 
circuited A/4 line is 


R 


Zo.aA/4 4Z 0 
a*A*/16 aA * 


R k== Zn.g.A/4 Zo.«A/4 4Z 0 

( 1+^) sin* n j2 ""W"* 7 ’ 

The impedance at the short circuited end will be zero. There- 
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fore on any point between short and open ends of A/4 line, resis- 
tive impedance will be intermediate to and zero. We shall now 

find an expression to predict the variation of impedance along the 
line. We shall find Z d at the point distant d f> s 

trom short end. As is obvious, v/e can take "i - i I 
line to be made of two lines : one J distance ’ I 

iong but short circuited on one end, the other 
open circuited on both the ends and (A/4 -d) 
distance long The admittance at points XX /4 Tf t 
due to short circuited line is 1 ! 


/ _ l_ T cos 8 /+/*/ sin 1 3/ 1 
Z (l [ a / cos $l+j sin/3 / J 


Z„ [ a/ cos $l+j sin/3/ J | J 

with l^d, and admittance at points XX due to Fie Vi Tat 

open circuited line is S () 

y„_l_ ' a.1 cos pi-rj sin ; 81 
d Z n cos pl+ja.1 sin /3 / J 

with l=(>! 4 -d). The latter relation we shall calculate in the last 
of this article. 

The total admittance at point XX will be then 


\_ 

Z 0 


1 +jad tan ( a (A/4 - d) +j tan ( 1 2 ~ j (A/4- d) 

*d+j tan ^ y j 1 +jx (A/4— d) tan ( ^ j (A/4 -d) 


But 


2ir { A , 

tan T [A-~ d 


Y,= 


Z« 


Further 


1 +jaa tan ^ j « (A/4— d)+j cot 
«<*+/ tan 1 +jx (A/4- d) cot | 


2ird 


+ 


\ 4- 

) =co, T 

a (A/4— (3) -fy cot 


2nd 2nd 2 

an A 00 A “sin (4irrf/A)’ 


so that above expression reduces to 


>d== 


Z„ ' 


ygA/2 sin (4W/A) 

(2</-A/4)+y |tan [^) + «'</(A/4 


cot (T)J 


2IG4 II j n t - 
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that involve Tt nl Ther a11, ign ° re ^ ‘ ermS in ,he d£nominal “ 

Y d== Jl a ^/2 sin (4 t:^//A) 

tan {2vd/\) 


or 


= 7 2_sin_(4^/A) tan (2nd!\) 

° oT~ ' 


4 Z 


o 


«A 


sin 


= /?s sin 2 


27Tt/ 

T ' 

2nd 


■ / 

This variation is plotted in 

the figure 21 (6). Any load /?*. 

connected at the open end of 

the line will parallel the line 

impedance R s so that resultant 
will be 


or 


_! 

Z 

1 

z 


I 


I 


~Rj + R s 

Rl + Rs 
R L X Rs 



(Rs T 4Z 0 /aA) 

" '“4^ 


R 


aA 

(/ ?L+4Z n /aA) 

4Z 0 R l 

tvn along the line, this resultant would show same 

reKfh/V , " aS P red,cted in the figure. Therefore the resultant 

mpedance seen at the top at any distance d will vary as 


Z. 


Z sin* ( l 1 ?* 

A 

4Z 0 R l 



“A (/? £ +4Z 0 /oA) 

4Z n 



aA 


1 


1 + 4Z ° 


aA/? 


sin* (2nd/\). 


The tapped A/4 is employed for impedance matching between 
an antenna, or several antennas, and a transmission line, 

OPEN CIRCUITED LINE : 

We divide the numerator and denominator of equation (3) by 
Zr and then put Zr=oo to give 


(Zs) 


• pen cctod 



cos (3/+/*/ sin PI 


Z. 


a/ cos fil+j sin (3/ 

f «/- j 0 -«»/*) sin (2r JIX) COSjlrJIX) 
L 1 — (1 —a*/ 2 ) cos* (2-l/X) 
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where 


Z u <xl 

1 - ( 1 - aV) COS 2 (2tt7/A) 

. — jZo ( I — a 2 / 2 ) sin (2 tt/ /A) cos (2tt//A) 

1 —(1 - a 2 / 2 ) cos 2 (Inl/X) 



open ccffld 


+y (^!s) 





optftj a^ed 



-z n M - a 2 / 2 ) sin (2r//A) cos (2 tc//A) 

J — (1 — a / 2 ) COS 2 (1-nljX 


For values of line lengths between 0 and A/« this reactance is 
capacitive, for values of / between A/4 and A/2, it is inductive, and 
so on alternately. Jt would attain a maximum value but never 

approaches infinity and that is main difference with open circuited 
dissipationless line input impedance. 

26 6. CIRCLE DIAGRAM FOR DISSIPATIONLESS LINE : 

Because of the simple relationship existing between reflection 
coefficient at the load and the standing wave pattern, a problem of 
importance in connection with the transmission line is the deter- 
mination of reflection coefficient, p, when load impedance Zr is 
given and vice versa. But since input impedance Z., of the line is 
expressed as 



£\_ _ At** + Bs~^ 
'■ 0 



^ O + l P | e« e~W’) 

°'(1 — I P| e>*er***) 
or ?•_ 1 + 1 P I L (^-2 pi) 

Z~i-\ p| L (^-2[3s)’ -l') 

it becomes obvious that determination of reflection coefficient 
would mean the determination of input impedance of the line. 
Therefore, it is the problem that concerns the design of dissipation 
less lines. Further, we know that most easily measured line 
quantity is the standing wave ratio S. Equation (1) is 

z. *■ + ( fe! ) ^ 






which stresses that if standing wave ratio is given with the electri 

cal length p. (or actual length s) of the line, one can compute Z 
the input impedance. *• 
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that m°J impllfy S r UC u h a design P rob,em > we Sketch a circle diagram 
les? -H 86 ° f thC ,DpUt im P edance equation for a dissipation- 

is comni^ t e " °° a -P? r Unit basis i e - e q ua tion (2). Since Z,/Z 0 
is complex, it is possible to write 

Z, 

7 *j“ jX a , 

xi, an< r Xa are va * ues of resistance or reactance per unit 
ot Z 0 . Therefore equation (2) is 


1 4 * 


r a +jx 


(f+iU« 


2 Ps) 


or 


1 ' \ S sTi) 

( 5 + 1)^^ _2 ^)} =1 


if 


fe 1 ) 


/(^- 2Ps) 


or 


or 


2M] 


( r a +l+jx a ) (IqrJ) U&-2 $s)=r a +jx*-\ ...(3) 

(r a +\+jx a ) [cos ( 9 4_2M+ysin (*-20*)] 

= (r a —l)+jXa9 

Equating real and imaginary parts, 

(rfl+1 )(l+l) cos (^— 2pJj— Jf.(jpj) sin ( 9 S— 2 &s)=(<- a -l) 

( 54 ^) (''o+l) sin (s 6 - 2 fts) 4 -x a ^jy j cos (<£-2|3j)=x a . 
Squaring and adding we get after clearing of fractions, 


1) 


*—r a ( 


5*4-1 


or 


r*- 2 r *±1J S '+ 1 \ 

r a 2r„ 2S 


+x, 


+* 0 Z =( 


or 


% 

which is of the form, 


5*+l 

25 


)] 


+* a 2 


- 1 , 

5*4-1 \ 2 

25 ) 

(w 


• •(4) 


(x-c) 2 +y 2 =r 2 . 


that represents a family of circles of radius r and with centres 
shifted c units from the origin on the positive x-axis. Comparing 
it with equation (4), if we plot r a along x*axis and x a along .y-axis 
then shift of centre of circle on the positive r„ axis will be 

5*+l S+ ~S 
C 25 “ 2 


• ••( 5 ) 
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S 2 ~\ 


S 


I_ 

5 


2S " 2 

Now we plot these circles as shown in the diagram 22. 


...( 6 ) 



(5) and e (6 1 ) linimUm ValUC of 5 is unit y for which from equations 

c=l, r=0, 

shnn'lTtn 1 °> point - AH the circles with greater value of S 
snou d therefore surround this circle (1,0). The maximum value 

ot A is infinity (open and short circuited lines). We observe that 

as S increases, radius of the S circle increases with its centre shifted 

drr^K 0 the n e ht a . nd therefore for the limiting case Z.-*oo,the 

J le ™ ax,s - lt ,s lnterestin 8 to note that for any circle 
tsay o=2)^ the intercept near the origin (say the M point) is at 

■?( 0M= J )’ whereas intercept far from the origin (say JV point) 

is at S units on the r a axis (ON=2 units). 

Z. 


When 


lies on r » axis . then at a point remote fro 


the 


r a —S, x a =0 so that 


Z. 


s 


1+1 pi 

i-i p r 


which is possible only when, as compared to equation (1) 

<f>—2Ps=0. h 

We find then 


( 7 ) 


Z,=Z 0 . - 


1+lpl 


1-1 P I 
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/.e. line impedance is purely resistive (it may be noted that at 
high frequencies or for dissipationless lines, R 0 is purely resistive) 
at the point r„=5, x o = 0 on the S circle. At a point near to the 


• t 


origin r, 


1 z, 

~g~ on r a axis, ~ will assume a minimu 


value 


0 


Z, 

Z u 


1 


1 


5 ~1 + 


1 

1 


P 

P 


1+1 P 


*7 

We can obtain such a value of ~ from equation (1) which is 

Z, 1+| p I e*(*-*M 
Zq-1-1 p I eV-W- 

only when phase angle (<£— 2£j) is replaced by n, i.e. 


Z 


9 


1 + 1 p | e + J" 

,+iw 


Z„“l- Pie 


1 


1 + 1 P I 

Now for resistive load P=| P J so that <f> 
Therefore, 


0. 


2 ps 


7 r 


w/2. 


Thus in arriving at ^ ^ 


^ =-y point, Pj has undergone a change 

°f ~ w /2. To represent such changes, we place a p.y scale on the 5 
circles. The (Is scale increases clockwise or in the direction of in- 
creasing negative angles. 


Rewriting equation (3), 

(5-1) 


W-*> wi ^ r o— i +/*, 

(S+T) "^-rTFI+J? 


r„ 2 


1 2/x, 


(/■<,+ !)<+*«* 


...( 8 ) 


The angle <{> may be made zero in order that P s scale may start 

at 0° on the abscissa (r a axis) because it has already been pointed 

out that a point on r a axis, line impedance is resistive for which <t> 
is zero. Then 




(5+1) 


e -w» 


1 +XJ 


+ 


j2x, 


(r a+ 1)* Xa 2 " r (/’ 0 + 1)*+X# 


so that 
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and 


(5-1 ) 

(5+i; 

(5—1) 

(5+1) 


cos ( — 2(3^): 
sin (— 2 Pi) 


l + x 0 : 


• • 


giving 


tr a + l)*+x „ 2 
2 x a 

(r a +l) 2 +x a 2 

Xq 


tan 


. . . (9o) 


or 


or 


r a 2 +[ x„+ 


- 1 +x a 2 + 
1 

tan 2 (35 


2x, 


= 0 


tan 2 Ps 

2 1 

= 1 + 


tan 2 2 (35 


1 


sin 2 2135 * 

from which we infer that lines of equal [3.$ value are 
radius 

1 


circles of 


sin 2j3? * 


...(9b) 


'■5 I 


Xa, 


v VS**. 
10 f \ \ i 

'• ' I 

\ \ ; / 

u ° ^ \\ » / / 

^ 

; — ~ O frr — 


// 70 9 




-/•Si 


2 


mo 


■ «->/ l\s 

-v ' 1 \ 
✓ - * ' 


£ 


z, ^ / / 

~' 0 '_^y*o'Jso' \zo‘ 


N /f? # 


with a shift of centre 
downward on x a axis 
(ordinate). 

= tan 7$J " * 10 ' 

A family of such 
circles is drawn in fig. 23. 

All (3.y circles pass 
through the point r„=l, 

*o=0. 

Superposition of 05 
circles on 5 circles pro- 
vides a scale o f £5 angles 
and results in the circle 

diagram of fig. 24. 

Application of circle diagram : Circle diagram may be used 
to find the input impedance of a line of any chosen length. For cal • 
culation, compute first the per unit value of the load impedance as 

Z R . . 

=r a +jx a . 

For example, let us take 

§5-2-6+y.l, 

toVeT ' S 28 ° 1008 V3lUe ^ aDd thC standing wave ratio is found 

v __F°\ this locate (2-6+j • 1) point on 5=3 circle (point r„=26 
Xa ) - Now follow this circle in a clockwise direction through 


Fig. 23. 
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u 


t/fOm. 


S gVw i»agga 

■rash?;; 


>;# 


*1? 


••t 


C 


fSp 


ij 



•&sl 

Mte 


l«Mggg||& 

wr/MiSisg&m 


/ 


F g 24. 

28° equal to the electrical length of the line. Read the coordinates 

of the point so reached. , 

This will provide Der unit 2\ /pc' 


This will provide per unit 
input impedance of the 
line, which in our case, as 
seen from fig. 25, is 

|?=1 -58-71 -35. 

■"o 

For an open circuited 
line Ji=oo t S circle are the 
vertical lines appearing at 
the x a axis. The input 
impedance of the line is 
then a pure reactance with 
different Ps values provided 

by the intersection of p.y 
circles with x a axis. 


4 


-i 


*r 


S= 5 


/75* 


It 


IH 




/ 

/ / 

/ 


/Bo* 




ns 


#4=28 


/ 56 


P.0* 
Fig. 25. 
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Basis of Smith circle diagram : 

Smith circle diagram is a modified form of the circle diagram 
discussed above. From equation (8), we write 

(5-1) 


(5+1) 


L {<i>~2$s)= p 




r'— l +x a 2 + 2jx, 


(ra+iy+Xa 2 

We introduce new variables U+jV such that 

r a 2 - 1 +X++ 2 jx a 


U+jV 


giving 


U= — 


(/■a+lV+Ja 


rJ — 1 + x 


2 


v= 


(r a +l) 2 +^o* 

2 x a 

(r a + l) 2 +* a 2 


•••( 11 ) 

...( 12 ) 


Eliminating first x a from (il) and then r a from (12), we get 

* + ...(13) 


> ■ v m mm y a 

(£ /-,)*+(r-i') 


('«+!)* 
'* 1 


X 2 
•*a 


...(14) 

Equation (13) represents a family of r Q circles with centres on 
U axis at and ratio of The second equation (14), 

represents a family of constant x a circles with centres at 


,+ xt) 


and radii equal to — . 

x a 

The two circle families 
are drawn in fig. 26. Since 
diagram is based on the 
assumption | p — l$s> 

= C/+;F, hence the maxi- 
mum magnitude of U+jP 
is fixed at unity by the 
maximum value of p. Thus 
all possible values of 
impedance are contained 
inside the outer circle of 
unit radius. The same 
relation between polar and 
rectangular coordinates 

fixes pj angles around 

P =1 circle as shown in the fig. 26. 



— * 


Fig. 26. 
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26 7. POWER: POWER CAPACITY AND REFLECTION 

LOSSES ON LOSSLESS LINES : 

Of great importance in the application of transmission lines is 
the amount of power conveyed by a line from a source to a load. 

For a dissipationless line (a=0), the voltage and current equ- 
ations are 

( Z r +R 0 ) [e W+ I P I ...(1) 


I 


2 

Ir( Zr+R 0 


ir ) lem + 


P I 


.••( 2 ) 


The maximum of voltage along the line occurs at points at 
which the incident and reflected waves are in phase so that from 
equation (1), 

Emox = ~~Z~ (2T/j + /? 0 ) [1 + | p |], 


2 


...(3) 


Likewise, voltage minimum occurs at points at which incident 
and reflected waves are out of phase so that 

E m in=— {Zk-\-R 0 ) [1 — | p |J. 


2 

The same is true for current 
on the line so that 


...(4) 


axima and minima at a point 


and 


max 


Imtn 




• • 


..(5) 

•( 6 ) 


above 

E 

l 


mum 


R 0 and Emin 


•fflW -mu* 

predicting that ratio of extreme values of voltage and current on 
the line refers to a constant for the line given and not to input or 
load impedance. 

Power and Power capacity : 

From equations (1) and (2), we note that a voltage maximum 
and a current minimum occur at the same point on the lossless line. 
We also know the fact that at a point of maximum voltage on a 
lossless line, the total voltage and current are in phase and hence 
the power transmitted is 

P—\ Efnax. | | Inin. |. 

But | /min. | = | /+ | - | /“ | 

I E+\ I E~\ 


l 


R 


o> 


min 
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E+ I- 1 E~ 


* o 

| Emin- I 


R 


o 


Therefore power transmitted on the line is 

1 max- I • I Emin- I 


P= 


R 


0 


Putting the values of | E max . | and | E min . | interms of current 
and R 0 from equations (5) and (6) respectively, we find that 

E— (\ I max- |*| Imin- 

These expressions fur power permit easy measurements of 
power flow on a line of negligible loss. 

As an application of power equation, we consider two 
examples : 

(/) Consider a line terminated in an open circuit, a short 
circuit, or a reactance so that the standing wave ratio is infinite. 
Since for such cases reflection coefficient | p | is one, power con- 
sumed by the load is zero. If the line is lossless, power delivered 

by the source and the transmitted power at each point of the line 
will be zero evaluated below. 

Power delivered by tne source = | E + | | / f | cos 0 

= 0, 

since phase between E + and /* is 90° 

Further | E m i n . | = | E + 1 — | E~ | = 0, power transmitted P is 
also zero. 

(//) Consider a line terminated in characteristic resistance, 
ror such a line | p|=0 and voltage and current at each point 
or the line are in phase and have the magnitudes \E+ I and I /+ I. 
therefore power transmitted 


JA 


max 


E 


m*n« 


since 

and 

so that 


Emax 
Emin • 
Emin 


*0 

‘I s + 1 1 /♦ I' 

I E+ I + I E- 1=1 £ + 
E+ | - \E~ | = | £+ | ; 
£ + I 


(as E~=pE+= 0) 


R 


I + . 


The maximum power that can be transmitted over a lint* 

danger of insulation breakdown is called its power capSt' 

We have shown earlier (art. 26 3) that the high value of S y ' 
wave ratio is undesirable since it reduces the power capacity given 


lltn 


max • 


SR, 
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Reflection losses on the unmatched line : 

On a line, not terminated in charactristic impedance Z„, 
reflected wave exists. These reflected waves, like to incident waves, 
cause losses on the line. Greater the difference between Z R , the 
load impedance, and Z 0 , the characteristic impedance, more 
stronger will be reflected wave and consequently, a larger loss 
due to reflection. The net effect of reflection being present on the 
line the reduction in power delivered by the line to the load. 

If we consider line at the radio frequencies wL > R and 

i ^ 6 Ca u take . R=G .=° approximatelv and hence a= 0 . 

h \ characteristic impedance is purely resistive and we 
can denote it by i? 0 . J 

At a point of maximum voltage, reflected and incident voltages 
are in phase, so that 

I E max . | — | E + | -j- ( E~ | 

and at a point of minimum voltage, reflected and incident voltages 
are in opposite phase so that 

I E m(n . j =| £+ |-| E~ | 

1r(Zr + Z 0 ) 


2 


(1-1 P|). 

Hence the standing wave ratio is 

■Emar. | | £ + |-f | ET 


S= 


, E min . j “| £+|-| E'\ • 

Now we know that the total power transmitted along the line 
and delivered to the toad is 

p I E max . j [ E m j„. | 


Bo 

<\ E + [+1 E~ |). (| E + | -I E~ I) 

E n 

I E + | 2 -| E - I s 
E o 

=~P + -P~ 

The ratio of the power P delivered to the load to the power 
transmitted by the incident wave is 

I £ + I 2 *! E~ | 2 

i l_£J 2 

P+ p+ ~ [£+l* 1 j E + I 2 


P P + -P- R 0 


R, 
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45 

“(S+l)** 

Now when the line is terminated in characteristic resistance, 

reflection is absent, i.e,, P=0 and hence S— | = 1 . Therefore 

1-|P) 

from above expression, we find that 

P 4.1 

/"■"(l + lj* 

or P=P + , 

i-e., whole of the power delivered by the source is absorbed by the 
load called an efficient terminating condition. 

26 8. TRANSMISSION LINES AS RESONANT CIRCUITS : 


Tranmission line can behave as series or parallel resonant 
circuit depending upon its way of operation. At high frequencies 
resonant lines are best substitute for resonant circuits because of 
superior performance. 


At high frequencies, wavelength being sufficiently small, usual 
inductance coils and condensers cease to become usuful circuit 
elements. With the rise in frequency, the distributed capacitance 
existing between the turns of a coil offers a low impedance. 
Consequently, the coil acts more as a complex transmission line 
rather than as a lumped element with constant inductance. Fur- 
ther, at high frequencies losses are increased to an appreciable 
proportion due to skin effect, proximity effects and radiation of 
energy. Condensers also meet the same fate because of distributed 
inductance that arises due to the linkage of magnetic flux with the 
flow of current. Let us illustrate the point by taking an example. 
Suppose we could construct a coil of 1 pH, then capacitor required 
for resonance at Mc/s will have a value 

C=.— \r— = - 1 (since Xl—X c at resonance). 


But 
so that 


2nfXc 2irf Xl 

X t =2nf L=f>-21 x 5 X 10* x 1 X 10-"x=3140fl 



1 

2x3'14x5x 10 8 x3140 
O’ l pF. 



But such a capacitance value is impossible. Its own stray 

capacitance would be more. In addition L/C ratio will be poor, 
the gain low and selectivity bad. 


Due to the troublesome behaviour of the distributed effects 
of lumped elements, it is advisible to use distributed parameters 

m a 8‘mple geometry, e.g., two wire line. The use of such short 
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line sections limits the losses to a minimum. Short line sections 

, tin ® termination eg., short and open circuited lines, 
e ectively serve as inductive and capacitive reactances and as 
resonant circuits at wavelengths below a few meters. The short 
circuit termination is most frequently used because it is easier to 
produce complete reflection in this way at smaller wavelengths. 
In open circuited lines losses of energy occurs due to radiation 

rom open ends unless the spacing between conductors is quite 
small compared with a quarter wavelength. 

Lines as parallel resonant circuits : 

In parallel resonant circuit, impedance is maximum at reso- 
nant frequency and varies with frequency in the vicinity of resona- 
nce. Same behaviour is shown by a line short circuited at the 

receiver and the length being an odd multiple of a quarter wavelength 
or open circuited at the receiver but even multiple of quarter waveie • 
ngth long. Such a line offers a high impedance at the sending end 
and therefore we say that at frequencies corresponding to P^=/ 27 t/ 2 , 
where n is odd number in the case of short-circuited line or even 
number in open circuited line, as shown in fig. 27 {a) and (6), line 



(OU) 



( 6 ) 


Fig. 27. Plot of impedance of open and short circuited line ; 

(a) for short-circuited line . ( b ) for open circuited line. 

impedance is very high and these are termed as resonant frequen- 
cies This behaviour is similar to parallel resonant circuit. For 
both types of load conditions, the sending end impedance Zs of 
the line at resonance is 


_ sz 0 y 0 

s Rnc • 

where Z 0 = characteristic impedance of line, 

yj) = resonant frequency in cycles, 

7?=line resistance per unit length, 

w = number of quarter wavelengths in line. 
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c = velocity of waves on the line taken to be equal to the 
velocity of light (unit of length as that of R). 

The above expression can be derived as follows : 

We know that input impedance of line can be expressed as 

y _ Z 0 [Zr c osh ys-\-Z n sinh y s] 

Z 0 cosh Z s Z r sinh ^ s 

For short circuited line, Z R is zero and there fore 


7 _ry Z 0 sinh "Ys ^ sinh (a+;j9) .s 

•S ^0* r-f 1 <Y/ _ ^0 L 7~ ! \ 


Z 0 cosh 7s 


cosh (a+yP) s 

2 sinh «( cos J>s+j cosh as sin ps 
6 cosh as cos P$+ / sinh^Tsin p$ 


For line lengths that are an odd multiple of a quarter wave- 
length i.e.,s=n A/4 or ps=mr/2, where n is an odd integer, we find 

sin P^= + 1, 
cos pj=0. 

so that z s =Z c co 4 ^ S 

0 sinh as 

For low loss lines as is very small and we take cosh aszzl 
and sinh as=sin as = ocs. Thus 


Zs ~ Z c . 


i 

as 


•• (A) 


When ojL R and wC > <7, a is experessed as 


J( 


For lines having air as dielectric, losses due to the conductance 
G are negligible so that G can be neglected and 




Putting this value of a in equation (A), we get 

„ _Z 0 _2 Z..* 

S as R s ' 

Therefore input impedance of a short circuited line, whose 
length is an odd multiple of a quarter wavelength, i.e., s=n\/4, is 


Z 


2 Z 0 * 


R.nXl 4 ' 

£ 

Further substituting A=^-, where velocity of propagation of 
waves on the line is c, equal to the velocity of light, we get 

8 Z 0 2 /o 


Zc= 


Rnc ’ 


• . curve of resonant line impedance plotted against frequency 

in the vicinity of resonance resembles with resonance curve of paral- 
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lei resonant circuit and the sharpness is measured by an equivalent 
Q value given by 

q 2irZ 0 f 0 

R.c •••(2) 

Expression for Q can be derived as follows c 

We have shown above that for short circuited line of length 
n\ 7 

4~> where n is an odd integer, input impedance is Z s = — 

When the frequency is shifted off resonance by a small amount 
of, i e. when /=/, 4-8/ then 

$s='—L s =hLMMl s 

c c 

_ 2rrfs 2 n • 5 /- S 
c c 

Since/,, is resanant frequency for which fis—nn/2, we write 

a 2ns . 2 n 8f-s 
Ps=— + — 


(P.s)r«s + 


C 

2 n-8f-s 


_ «;t j_2n.Sfs 
2 ~c 

Under these conditions, 

Q . (2i z.Sf-s\ 
cos Ps= — sin f J 


sin /3s= cos 


c 

2 n.8f-s 


m. 


Therefore input impedance is 

— sinh as sin {^~- S ')+j cosh as. cos 

Z s = Z„ 


2*5/ 


F) 


cosh as sin ^ " J j -f y sinh as cos ^ 


2nSf- s 



For loss less lines, a is very small and hence sinh as ft* as, 

2 n-Sf-s\ , f2nSf-s \_( 2nSf’S j 


cosh as 23 1 ; cos ^ 


Thus Zc=Z, 


s 1 and sin ^ 

2*5 f-s . , 

w. 1- / 1 • 1 

c J 

, In.Sf.S , . , 

1. — : hjOW. 1 


1 +J.ZS. 


2*5 / j 


Z 


0 . . 2nSf s 

as +] — 
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For moderately high Q circuits, the second term in the nume- 
rator is the product of two small quantities and may be neglected 
m comparison with other terms, so that 


Z 


0 


<w+7- 


. 2v%f.s 


We know that for the parallel resonant 
circuit, when absolute magnitude of the 
impedance is 70 7 percent of the imp:dance 
at resonance ZJ ay, voltage across ihe 
parallel circuit is reduced to 70‘7 percent 
of its value at resonance. This requires a 
requency shift of Jf/2 on either side of 

resonant frequency / 0 , where J/ is termed as 

bandwidth. Now, likewise, we observe 
from expression for Z s that it will be 

o.Sy/2 

or 707 percent of its value for a 



Fig. 27. (c) 


a s 


2vhf-s 


resonant lecgtht provided 


hence 6 frCqUency shift rec l uired to make this true will be J//2 and 



2n Af-s 
~2c 




2<tc 

2n' 


The selectivity or ability of any resonant circuit to pass freely 
ome frequencies while stopping all other is conveniently stated in 
rms of the ratio J/// 0 , where f 0 is the resonant frequency and 

difference between half power frequencies. There- 
Iore > Q of the resonant line section is 



- 27r/ 0 

2a c 



t or resonant length 



Z 0 

\Z2.ols 


=70*7% of its value at resonant length. 


. 2 */o fjc 2tt!\ P 

2a 2x 2a 2a 



so that 
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Q 


— , we get 


...(3) 


Putting, for lossless lines, a = 2 ^-,we get 

Q _ f Q 

Rc ' ...(3) 

Another important resemblance is that of current at reso- 
nance. In parallel resonant circuit current is minimum at resonant 
frequency and the same is true with a line short-circuited and n\l 4 
long (rj is odd number) or open circuited n\!4 long (n is even 
number). From fig. 28 (a) and fig. 28 (b) respectively we see that 
in short circuited line, current is minimum at resonant frequencies 

nn . n\ \ 


nn 


ps-— ^ or s = _j where 7 and in 

circuited line, current is minimum at resonant frequencies $s=nn/2, 
where n—2, 4, 0 etc. 



Fig 28. P ot of carrent for open and short-circuited lines. 


Lines as series resonant circuits : 

In series resonant circuits, impedance is minimum at the 
resonant frequency and current is maximum. The same behaviour 
is shown by a line open circuited at the receiver (load etii) and odd 
multiple of quarter wavelength long. 

From figure 29 la) it is obvious that impedance is minimum 
at frequencies corresponding to $s=nn/2 (or s=n\!4) where n is 


Z-0 Z-0 



Fig. 29. 
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odd number. These aie termed as resonant frequencies of resonant 
line. 

Further front figure 29 (b), it is obvious that cu:rent is maxi- 
mum at resonant frequencies Ps=n~j2 ( n= 1, 3, 5, ...). 

Another important characteristic of such a line is that it acts 
as a voltage step-up device. Suppose line is A/4 long, then sending 
end will be at A. It is obvious from figure 29 ( b ) that though vol- 
tage at A (generator) is zero yet at load end (receiver) voltage is of 
sufficient magnitude equal to OX. Thus a small voliage injected 
at the input will develop a sufficient voltage at the output i.e. an 
action like that of step up device. 

The further step up action can be 
explained as follows : We have assu- 
med that line is open circuited at load 
end and A/4 long, i.e. equal to OA. 

Since at A voltage is zero which on the 
other hand would mean that the line is 
short circuited at A. We can represent 
the line as shown in fig. 30 (a). The 

phase relation of voltage on such a line 
is shown in fig. 30 ( b ). 


I 

A 


UMT 

Fig. 30 (a). 



A X y£XSAl. OA/ 

c r/OA' T.?OA/£LjVD 




T/9CM£/VD O 

l U fc 


T S40 


4 *50 


ACJ/SO 


P*4S£ *£V£*S*l 0 * 4-360 


F££L£CT/0/V £FOAf 

EA/O A 


4 270 




O *£ ELECTED 
AT EMC* FFOAf EA/O 
A O 



Fig. 30 ( b ). Voltage phase relations on the line. 

Irn^ Suppose a srna11 voltage is injected at shorted end A. We also 
know that an incident wave is reflected from an open end wiffi 

vohLT a ^ ,t m C 3nd polanty - Thu ' : at ^= 90 °. we induce some 
wi horn ’’ S W1 K faVe t0 the end ° (^= ,80 °)’ and 's reflected back 
led ;?♦!, Ph f, e Changr ,0 end A (?- y = 270 °). Total distance travel- 

back to 0 S « v'— f T C ? d A (P /= 270O) ’ itwi " be reflected 
and H S c ( fo n 7 3 ? l W u h \ change of phase ^ s,nce these points G 
7 are 180 out phase). From open end O {Qs = 360 °) it will 
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ha/tnfwfipH 0 eDC ^ "f ^ S ~ * n l ^ e same phase. Since the wave 
5 a -M°u a dlstance A > th e Phase of this reflected wave at 

A'inrTV ^t.hg same as that of induced voltage (phase points 
t u- a . ad and hence in same phase) and hence 

rpJnitc voltage 1S d,rect| y added to the incident voltage. This 

m m stepping up the voltage This step up voltage after so 

! her reflectlons wil l again be step up. These additions 
continue to increase the voltage in the line until I 2 R loss is equal 

ii™r, e *v! OV )n r b, emg P u t into the line. Voltage step up depends 
P eg value. The voltage step up ratio in the case of reso- 
nant line is Q x . This expression can be derived as follows : 


A 


un 


For quarter wave lossless line, we write 

Es_E r cosh j$s-\-I R Z n sinh IBs 
~ ~Er 

_E r cosh nl2+j/ R Z 0 sin n/2 

Er 

JIrZ„ jZ 0 

Er - Zr' 

but for such a line, we know that the characteristic impedance Z 0 
is the geometric mean of Z R and 7, s , i.e. 

Z 0 = V{Z R Z S ). 

Thus 


jn m 

Therefore, voltage step up by the line is 

\Er\_ I(Zr\ 

\Es\-J\ZsJ 

But for lossless quarter wave open circuited line Z R is infinity __ 
and then above relation shows an infinite voltage step up. Such a 
conclusion is not surprising because, with a = 0, there is nothing to 
curb the step up. Therefore, a correct relation for voltage step up 
should include a-the attenuation factor. For correct relation in 
such a case, we write the equation for voltage Es as 

Es=E r cosh (a-\-j^)s+f R Z„ sinh (a+j$)s 

—Er cosh (aj-h_/7t/2)-t-/tfZ 0 sinh (as+jn/l) 

—jE R sinh o.s- J rjI K Z 0 cosh as. 

In open circuit load current I R is zero, so that 

E s =jE R sinh as. ^ 


Therefore, voltage step up 


Er 

Es 


1 


sinh as 


1 

as 


(as for low loss line a is very small 

and is i?/2Zo) 
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find 


_2Z 0 
~ Rs ’ 

For resonant quarter wave section, 

$s—nnl2, when n is odd integer. 
n\ nc 

S==T== W 

Putting this value in above equation for voltage set up, we 


• * 


E r _ 

Es 


?_Zo _/o 
■inc 

2rrZ 0 f 0 _4 

Rc ' Tin 

■Qx — . 

7 m 


...(4) 


Example : What length of transmission line should be used and how 

should it be terminated for use as (a) tank circuit (b) series circuit at 500 
mc/s. 

(a) We have seen that for line to act as parallel circuit, we use a line 
short circuited at the load end oi length wA/4, where n is an odd integer ; or 
an open circuited line with even;multiple of quarter wave long (i.e. n is even). 
At 500 mc/s , 

3.10 10 


A = 


60 cm. 


or 


500 xlO 6 

Therefore for short-circuited line, length will be 

i ma 60 

1 .A/4=— = 1 ^ cm. 

* W/1 3x60 

3.A/4=— ^ — =45 cm. 

And for open circuited line, length will be 

o m 2x60 on 

2.A/4= — 7 — =30 cm. 


or 


4.A/4 = 


4 

4x60 


60 c 


have 6 l > ength 0 cq S u h a°! r to CirCUited line t0 act as series rcsonant circuit it shoula 

flX/4 where n is even 

and foi open circuited line to act as series resonant circuit it should have 
length equal to 

wA/4 where n is odd. 

Therefore, length will be 

° r 30 cm. 1 . 

60 cm. J for short circuited line. 

an( * 15 cm \ 

45 cm. J for °P en ci^uited line. 
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26*9. FIELD AND CIRCUIT CONCEPT CORRELATION : 

(E and H about the parallel plane conductors) 

Analysis of transmission can be had both in terms of voltage 
and current or electric and magnetic fields using Maxwell’s field 
equations. The present discussion aims at establishing a correla- 
tion between the field analysis and voltage analysis. In this article, 

L would mean the electric field and not the voltage. For voltage, 
symbol V will be used. 

Suppose there is a transmission line on which the waves are 
guided along z direction. 


As shown in fig 31 (a), line 
consists of two conducting plates 
with a separation a in X direction 
and 6 in Y direction. Line in 
Z direction is of infinite extent. 
There exists a current I in each 
plate flowing in Z direction. Lin- 
ear surface density of such a curr- 
ent in Z direction will be 




Fig. 31 (a). 


The magnetic field H will then surround the each plate form- 
ing closed loops. If the conductor has zero resistance, current will 
flow in the surface of the conductor and the magnetic field will 
not penetrate the conductor. Similarly, as there exists a potential 
difference between the two plates (since an alternating potential is 
applied at the input terminals ; if the voltage at any point in upper 
plate is 4-2 volts, the voltage at the corresponding point in the 
lower plate will —2 volts), an electric field will also exist purely 
along -T axis. If the conductor offers zero resistance, the electric 
field E will not develop any voltage difference between any two 
points on the same conductor because ( E R dz) is zero, i.e. voltage 
will be shunted. Therefore, we conclude that if the conductor is 
perfect , E and H will not penetrate the conductor and the losses due 
to conductor will be almost negligible . 


Let us consider a TEM wave travelling along the line stretched 
in Z direction so that 

E=xE x and H=y/7 y , 

where x and y denote unit vectors along A" and Y directions. 

Now we shall establish relation between fields, and voltage 

and current. Consider the side view of the line, i.e , XZ plane 
[fig. 31 0 b)]. 
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or Vab + Vbc+Vcd+Vda = — jo)B„ d\, 

because field exists only along % 
y direction therefore only * 

B v —ijlH v component of the . 

magnetic flux density will exist. h— -H 

where n r is the per- I T ~^~pr=rr^— — 

meability of material, n v that of “ • ♦ j • • j • 1 

space between the plates but I ! 

because we take that the fields ^ . . J . . I . 

do not penetrate the materials, J, J 

^ would mean the permeabi- iL — J C 

lity of space in between the . — // 

plates. { __ £ 

Further, dA = AB.BC Fig. 31 . (6) 

— a dz. 

Also V ad =Vb c = 0, 

since they are perpendicular to the direction of E. We take V A » 

as negative and V CD (work done in the direction of E) as positive. 
Therefore, V CD — V ad~ — jut By a dz 

or dV= —jaj By a dz, 

dV ■ n 

_ dz ...( 2 ) 

further, linear surface density in any of the plates will be 

J«=xxH 


Applying e.m.f. equation to the closed path ABCDA. 

*j) E-dl=—joj | B dA 

Vab + V B c+ V cd + y da = —jojBv dA, 




a r 

♦ i 

i 


-1 o 




° // 

\-£ 


Fig. 31. (6) 


xxyHy (since H- y H v : H z and H x are zero) 


zH v 


or 


J s 2 =H v =~ (from eq. 1) 


so that 


By — pH y 


pi 


•Maxwell’s equation is 

VXK— j® 

dt * 


Ol 

Applying Stoke’s theorem, we get its integral form. This is 

#-=-!!>■ 

Bat when the magnetic field is sinusoidal, 

B — Bn e> m * 


3B 

8t 


B=B 0 e 
--jco B 


so that 
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Putting in eonation (2), we get 

. la 

dz JWlL b ...(3) 

While dealing with the analysis of transmission line in voltage 
and current (art. 26 1), we have shown that 

dV=-(R+jcoL) dz.I, 

minus sign has been imposed to indicate that dV represents fall in 
voltage on the line as the wave travels a distance dz. 

if R=0, then 

dV= -juL dz.I. ...( 4 ) 

Comparing equations (3) and (4), we find that inductance per 
unit length of the line is 


L 


b 


Now we proceed to write 
mmf. equation. For this we 
shall consider the top view YZ 
planeof fig. 31 (a) shown in 
fig. 31 (c) Applying mmf. 
equation to the loop FGHK, 
i.e. 

H.dl=j (>«E+J).</A. 

€ refers to the permeability 
of the space in between the 

plates, 

or 


...( 5 ) 




Z 


because 


Fig. 31 (c) 

(Hfg+Hgh j t H hk+Hkf) ■ d\ = j(otE x • b dz, 

% 

A 

E=xE x (E y and E z are zero for TEM wave) 
dA=b dz 


that is, 


Maxwell’s equation is 

V XH=®+J. 

Applying Stoke’s theorem, equation is converted into integral form. 



Hdl 



dp 
dt 




For sinusoidal electrostatic field 

D=D 0 e M 

30 TX 

=jo)D 


dt 


ycoeE 


so that 
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and J.dA=0 as J is in YZ plane whereas dA points normal 

to this plane. 

Further Hc«.</l=H* f </l=0 as path FK and GH are at 

right angles to field direction 
Hy. 

an d H/rc.^l+Hfl*;. d\=(Hfc — Hhk) b 

——b dHj, 

the negative sign is imposed because FG direction points in nega- 
tive y direction. 

Therefore mmf equation becomes 

— b dH,i=;jweE z b dz 

d(bH v )_ 

' = jcoeExb. 


or 


But 


so that 


dz 

bn y = bJ 3Z = 1, 
dl - pi. 


...( 6 ) 

Again we refer to the current equation established while deal- 
ing with wave propagation on the line (art. 26*1) which is, 

dl= — iG-fycuC) dz.V, 

minus sign indicates the fall in current as the wave travels a dis- 
tance dz on the line. 

With G = 0,/or the perfect dielectric 

dl_ . ^ 

dz ^ ’ •••O) 

Comparing (6) and (7), we find that the capacitance per unit 
length of the line is 

€ 'EJb 


^ut V=E X a, so that 

b 

a * •••(8) 

^hase and group velocities of the wave on the line : 

J he P has e velocity of the wave on the dissipationless line 

tA=G=0) is : 

1 


v 


OJ 

f 



OJ 

ojy/[LCy=^(LC) • 

1 1 

= c 


V0* € ) 


•( 9 ) 


*In case of perfect conductor, as stated previously, p and e refer to 
space between the conductors. If there is free space then 

1 


the 




aA/^o) 


= 3* 10® meters/sec.. 


ec i u al to the velocity of light. 
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Relation (9) shows that velocity of propagation of the wave 

on the line is independent of the geometry of the line (whether 
parallel wire, coaxial, etc.). 

The group velocity, v g , is given by 


da> 



Since $=a»/(LC) 

d£=dco V(LC) 

or daj_ 1 1 

di V(LC) ~ \/(LC)~ C 

Thus 

v g ~c 

we note that in case of dissipation less line (/?=C7=0), phase and 
group velocities are equal and 

Vp Vg — C 2 

Characteristic impedance : 

If the line has unit width and unit separation, so that a=b=l, 
then L-u-, and C—c 

which implies that e is the capacitance between conductors of 1 
meter length of the parallel plate line, which is meter wide and 
has a separation of 1 meter. Similarly, is the inductance per 
meter length of the same line. 

we ) 

VC- )i 

For the line having unit separation and unit width of each of 
the plates, the characteristic impedance is just the intrinsic impe- 
dance of the dielectric medium between the plates. 

Maximum velocity : When R and G are negligible, the phase 
and group velocities are given by 

1 

V * Vt V(LC)’ ...(10) 

where L is in henrys per unit length and C is in farads per unit 
length. 

•To prove that in a lossless line, the 
voltage at any point is in magnitude equal 
to the produet of surge impedance and 
current at a point quarter of wavelength 
away. The voltage and current relations 
as referred to load end are 

E=Er cosh 77+/*Z 0 sinh y/, 

I=I R cosh y/+ Er/Zq sinh yl, 
where y=j$I. 

(Continued on next page) 


1 
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The inductance in millihenry per mile of line, when separation 
between its conductors is large compared with the radius of the 
wiie, is 


1 = 1-481 log S - +L\ ...(H) 

where r is the radius of wires and j is the separation between them. 
L' is the inductance due to the linkage of tiux and current within 
the conductor. At high frequencies when the current flows mainly 
in the surface of wires, this factor approaches zero. 

Further, the capacitance between two wires for s > r, i.e., 
separation being much greater than the radius of wires, in micro- 
faraps per mile of line is 


C= 


o-oi 41 


( 12 ) 


log (sir) • 

Therefore, putting values of L and C in henrys/mile and 
farads/mile, we get from eqs. (11) and (12) ’ 


_ ▲ 


LC=(1‘481 x 10- 3 ) (0 01941 x 10-«)+ 


0 01941 x 1Q- 8 L' 
log (s/r) 



When the separation between the wires or frequency is in- 
creased, the second term becomes negligible as compared to first. 
The first term is a constant and represents the minimum possible 
value which LC can assume. Putting first term in eq. (10), we get 
maximum value of phase and group velocity, that is 

(fr) m a*. = (^y)moi ■ = 


•v/(l-48l xO 01941 X 10~ 9 ) 
186,300 miles/sec. 


Now voltage at BB (*=/) can be written in ihe form 

Ei=Er cos pi-\-jI R Z 0 sin p/ 
or | Ei | e‘*=E R cospi+jI R Z 0 sin PZ, 

where tfi represents the phase of £). 

Further | £< | cos iji—E R cos PZ, 

1 Ei 1 sin 4 ‘=I R Z 0 sin fil. 

| El 1= COS* p/q-Z^Zu^ sin 5 p/). 

Now current at AA (x=l+± A), 

Ii+ih=Ir cos 0 (l+{\)+jE R lZ 0 i\n p (Z + -JA) 



I R cos 



7 


i+>l* 


_ u in (^ +/J/ ) 

= —I R sin pZ+;£i?/Z 0 cos pZ. 

_ V(Z:,?Ir % sin 2 p I+Er* cos 2 pZ ) 


= | E t \IZ, from 1). 
Hence | £, |=Z 0 . | /( +> , 4 !• 
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Z 


0 


is equal to"! he ' ve*! oci t v 1 of he hi ° n SU ° h a transmiss, on line 

ana terra L reduce this value, but to a very small extent. 

NUMERICALS 

distr ibutedcapfualcf r n^ e - C ^ Paral/el s' r transmis ^on lines has 
mUe What is Zl^TLplJ-fof £?&?*■ ^ 

J( L c)=J( &3£)-y/( 9 -¥*) 

990 X ' 

2 

2 =495 ohms. 

12 kc/s. art R = n y n h° n S S ° r fa "°f en wire transmission line at 
Per mile and C—0 *■*’ r _ j ^ C—0‘6 micro mho 

ter is tic constant's ° of the ^^ Cro ^ ara< ^^ m ^ e ' Calculate the charac- 

<oL = 2ttx 1'2.10 3 x4 , 5.10" 3 
= 33-9, 

ojC=2nX 1‘2.10 3 X 8-25.10" 9 
= 62-25. 10-«. 

and N ° W *vZ^ +JajL = U+ J- 3y9 = 35 ' 6 Z(72-l) 

Y —C+JU)C= l°-« (0-6+y 62-25) 

= 62 25.10“ 6 /_ (90— -55) 

ThereforeT 62 25 - ,0 '‘ Z 189 ^ 
characteristic impedance = 

35-6 



X 10* j. Z_ (-8-7) 


62-25 

propagation constant y = y/(ZY) ^ ^ °hnis. 

= a/(35 6 x 62-25) x ]l ~ s /_ (30-8) 
=4 -2x 10 3 /_ (30 8) 

= 0 00755+j.0 0466. 

= «+y(3. 

= 0 00755 neper/mile, 

0 0466 rad/mile 

27C 

p 2=135 mi *es, v=f X = 1,62,000 miles/sec. 


Since y 


a 

3 


Also 


Since Z will have amplitude and phase both, we can represent it as 

Z=A Z_ 0=Ae it =A cos 9+j A sin 6=R+ju>L. 

^COS0 = i? 

sin 0=ujL 

ence amplitude of Z, i.e, /!= y/(/? 2 -f-toZ, 2 )and phase 0= tan -1 ojI/R. 
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3. The primary constants of a cable are R = 80 ohms per mile, 
L<=2mhlmile, G=0'3 x /0“ 6 mhojmile C=0 07 microfarad/mile. 
Calculate the characteristic constants of the line at 500 cjs. 

Z=/?+jwL=80+;.6-28 
= 80-3 Z_ (4'5), 

y=G+;a;C=10- 6 (0-3+;. 220) 

=220-10- # ) L (90;. 

Characteristic impedance Z 0 =^/ 

=605 /42'8 

Propagation constant y—y/(ZY) 

=(80-3 x 220 xlO- e )’:?/47J 
= 133.1 0“ 3 /47v3_ 

= 0 0903 f j.0 0977 

=a+;|3. 

« = 0 0903 neper/mile, 

(3 = 0 0976 rad/mile 

2w_2x 314 

A ~"p 0'0977 

f=/A = 500 x 64 4 

= 32,2000 mile/sec. 

4. At 1200 cycles the characteristic impedance and propagation 
constants of an open wire transmission line are 

Z 0 = 650— ;• 1 50, 
y = 0'' 05+; 0’007. 

Calculate the distributed parameters of the line. 

I Z \ l,i 

The characteristic impedance Z 0 = ( yj 

and propagation constant 7 = \/( ZY ). 

Therefore Z k .7 = Z=R+jtoL 

y = Y=G + jusC. 


Hence 


= 64 4 miles 


and 


Now 


R+jcoL=Z 0 .y 

= ( 650 -/ 1 50)(0 005 +; 0 - 007 ) 
=666 /-OxS SxlO- 3 /« 
= 0 - 666 x 8 5 / 32 
= 4 - 8 +; 3 - 0 . 


*Z, 


-M 



80 3 . e *- 4 6 


220.10- 6 .e' 


\ = I ( — - | e -i(»5.5j/2 

) t]\2: 0.10-*J e 


= J - 106 ) e ~ i,42 - 8 = 605 /— 42-8 
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Equating real and imaginary parts, 

R=4 - 8 ohms/mile. 

cx)L= 


3 . 


• • 


L 


3 


0 398 mH./mile. 


Further, G+jwC 



Hence 


and 


G 

G 


277.1200 ' 

8-6. 10- 3 /45 
= 666/— 13 

=(6‘75+/lO-8) 10-«. 

6'75 micro mhos/mile 
108 . 10 -* „ 

2n x 1200 =0 00143 microfar a d /mi | e. 


5. The short-circuited and open circuited impedances of a 
transmission line of length 100 miles are (Z,W = 700 /30 {nd 

l^W-500 / _40. Find the characteristic constant of the line. 

We have seen in theory that 


and 


{ ' Z,) z R ^ Q ~ Za tanh yi = (z»)*\oTt 

(■ Zs) z R =z ° coth W=-(z.) w , 

V\= 00 


short 


(^s)open 

Further, tanh yl**?—- 1 

• _ O i 


tanh* yl. 


• • 



Now from problem, 


tanh yl * 

e 2yi — e 2 (*+jp)i _ j 2 / 3 /' 


tanh yl 


Therefore, 


. / f (Zs) short 1 

*1 \ (Z a ) open j 

= 1-18 /35 

=0 968+/0 678 
1 -t-0‘968-(-/. 0-678 
1 — u >oa j o 0/6 
1-968 +7.0-678 
0032— y.0678 


ji 700 /30 \ 
J \ 500 /- 40 / 


This is 


= 3-Oi7 /106-4 

or 

^2aZ __ 

= 3-07 

■ 

or 

2oc/= 

: log« 3-07=2'3026x-487l 

or 

«=n 

1*20 

e 9 v ina- 0 ' 0 °56 neper/m 


1-20 


■*« 
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Also 2p/ — 1 06 4 deg. = 105'4x 


7Z 


100 


rad. 


P 


10n-4x3-14 


0 00928 rad mile. 


2 X lOOx 184 
Characteristic impedance 

Z 0 — x / {(Zs)sho r ,(Z,W 

= V(600 /30 x 500 / -40 ) 

= 592 l-z*. 

6. Consider a two wire line with following constants : 

l— 100 miles. 
f= 1000 els., 

Z n =(685 — y.92) ohms. 
y= 0-000497+;0 0352) per mile, 

Z R — (200+ y‘0) ohms, 

£, = 10 volts (gen'TOtnr voltage at the sending end) 
Z;,=(700+/.0) ohms ( generator impedance ). 

Find sending end impedance Zs , sending ena current I, and the 
receiving end voltage Er, using hyperbolic form of the line equations . 

Sending end impedance is expressed as 

Z 0 \Z R cosh yl— Z 0 sinh ly] 


Z, 


We note that 

cotb rt= c - sir! 

sinh yl 


Z 0 cosh y/ + Z« sinh yl 
Z „ [Zr Z„ tan h y/] 

Z 0 + Z R tanh yl * 


..(1) 


°r tanh y/ 


cosh a/ cos |J/+y sinh a/ sin f>l 
sinh ii cos pl+j cosh a l sin 81 
cosh 0"497 cos 3'52+y sinh 0'497 sin 3‘ 52 
sinh 0 497 cos 3 52+ j cosh U'497 sin 3 52 

- M26x 0-927— ; 0-51 8 X0 375 

-0-518x0 927-y.l l?6x0‘375 
-1 042-/0 194 
-0 480 jO 422 
0-480 +/.0.422 


1-042+/0194 
=0-523+;.0-311. 
Therefore from (1). 


Z =(685— / 921 [ 2rpQ-K685 j. 9 2) (0 532+/.0-31 1 , 

J ' ' [(685— y.92) + (2000) (,0-532+y.0-31 1) 


=(859 — j. 325) ohms. 
Sending end current will be 
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L 


E, 


Eg + Z S 


...( 2 ) 


10 


(700 + 859 - j 325) 

=6'26x 10 -3 amp. 

Receiving end voltage is 


Er 


Ir | | Zr |, 


for which we have to calculate first | I R | given by 


...(3) 


Is 

Ir 


• • 


Ir 


Ir cosh y/+£VZ 0 sinh yl 

Ir 

cosh y/+^ sinh yl 

141 


cosh y/ -f- sinhy/| 


6-26 xlO- 3 


( — 1 0 42 —j 


6-26 x 10" 3 


; .0 1 94 )+^ 


2UUU 


685 -y. 92 


)(-0480-y.0'422) 


“ 2-76 

= 2 27 x 10" 3 amp. 

From equation (3), we get 

| Er | = 2*27 xl0" 3 x 2000=4-54 volts. 

7. A parallel wire line has 

Z Q = 70 ohms. 

Zr—( 115 — y. 80) ohms. 

5=2-7 

//" t/ze /me w to transmit a power of 50 wat.'s, find the magnitude 
of maximum and minimum voltage and current, also the magnitude 
of the receiving end voltage. 

The maximum and minimum impedances are purely resistive 
and therefore, we can write for the maximum point that 


• M • 


P 


I E 


max • 


or 


from which 


50 


Z 

E 


mar* 


Etnax * P 

SZ Q 


max* 


2*7x70 


Further, 


Emax • | — 97 3 volts. 
. I E. 


min 


max 


97-3 


2-7 

36-0 volts. 
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/ I i •*-' fntn • I 

I *min- | — y ' 

360 

”70 

=0 514 amp. 
The maximum current is 

I F I 

i v ■ I I—j tYin t » I 


I * max- | — rj 

_97-3 
~ 70“ 

= 139 amp. 

The receiving end current can be found from the relation 


max • 


V 


where R r is the resistive part of Z*. 


~j( 


=0 - 6r 0 arnp. 

The receiving end voltage will be 

I Er I— | Ir \\Z r \ 

=0-660x V{(H5) a + (80) 2 } 

= 92 5 volts. 

8. Calculate the air insulated line composed of two parallel 
copper tubes 0 15 inches radius and spaced 1 inch between centres 
The line is short circuited at the one end and is driven with 200 mc/s. 
generator at the other. Neglecting leakage conductance and radia- 
tion, the attenuation constant is found to be 

a=6'78x 10 -4 neper/meter. 

Show that resonance is sharp. 

To show that resonance is sharp, we shall calculate bandwidth 
A /between half points given by 

But 0 = — ’ 

* 2a 

SO that Af= ^ 

J P 

2a fv 


so that 


A f 

Q 

A f= 




putting 


1136 


Hand Book of Electronics 


Assuming a velocity equal to that of light, we find 






_6-78x 10~ 4 x3x 10 8 20-34x 10* 

3-14 — 3-14 

= 64700 c/s. = 0'6 mc/s., 

which means, for a line operating at 200 mc/s, resonance is ex- 
tremely sharp. 

9. Show by a diagram and calculations how a quarter wave 

section can be used to match a 500 ohm line to all ohm dipole 
antenna at 200 mcfs. 

The diagram shows a quarter 
wave matching section between a 
500 ohm line and 72 ohm dipole 
antenna (A/2 antenna). 

We know that a quarter wave 
line matches the two impedances 
— input impedance Z, ( = 50012) and 

output impedance Z L ( = 72 Q) pro- 
vided its characteristic impedance Z tf is the geometric mean of the 
two. That is 



Zo=V(Z 3 Z L ) 

= V / (500x72)=190i2 
Length (A/4) of this line will be equal to 

3.10 10 150 

“4x200.10®“ 4 

■=37 - 5 cm. 


Therefore, we should use a line of length 37-5 cm. of charac- 
teristic impedance 190 ohms. 

EXERCISES AND PROBLEMS 

1. Derive an expression for the input impedance of a dissipationless trans- 
mission line terminated by any impedance and hence deduce the above 
expression : 

O') when it is short-circuited, 

(it) when it is open-circuited. 

2. What do you unde r stand by surge impedance of a transmission line 7 
Show the effect of terminating such lines with their surge impedance. 

3. Show that a quarter wave line matches two impedances connected to its 
extremities, if the characteristic impedance of the line is equal to the 
geometric mean of the impedances. 
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4. Discuss the propagation of high frequency currents along a transmission 
line and obtain expression for (a) attenuation constant ( b ) phase 
constant. 

5. Explain ( a ) attenuation constant, ( b ) wavelength constant, and (c) surge 
impedance of a transmission line. Obtain expression for them interms of 
inductance, capacitance, resistance and leakance for unit length of the 
line. What will be their va’ues for negligible resistance and leakance 9 
Describe the main types of high frequency feeder lines. 

6. A low loss transmission line of characteristic impedance 85 ohms is 
terminated by ( a ) short-circuited load (6) open circuited load (c) a resis- 
tive load of 50 ohms and {d) a resistive load of 100 ohms. Calculate the 
positions of maxima and minima in each case and draw figures to show 
them. 

7. Show that there exists similarity between the relationship of plane-wave 

propagation of electromagnetic waves and those for waves on transmission 
line. 

8. Derive a formula that gives the standing wave ratio at the receiving end of 
the transmission line in terms of the reflection coefficient of the load. 

9. Explain what is meant by standing wave ratio. Prove that resistive load of 
R x and R+ produce the same standing wave ratio, provided that R l R t =Z 0 % 
where Z 0 is the surge impedance of the transmission line. 

10. Explain how transmission line stubs can be used for eliminating harmo- 
nics generated from transmitters. 

11. Calculate the characteristic impedance of a uniform transmission line 
having L — 0 5 mH/km and C=0*08 pF/km. 

12. In a transmission line having a characteristic impedance of 50Q ohms, 
the load impedance is a resistance of 100 ohms shunted by capacitance 
of 100 \lF. Calculate the magnitude and base of the reflection coefficient 
at 200 kc/s. 

13. What do you understand by the characteristic impedance of a transmiss- 
ion line. Discuss the important properties and applications of a half wave 
and quarter wave line^ 

14. Describe the use of a transmission line for the impedance matching. How 
will you measure the frequency of a microwave oscillator with the help of 
a transmission line. 

15. What do you understand by Q of a transmission line. A length of loss-less 
transmiss on line is short circuited at one end and open circuited at the 
other end. The lowest frequency at which the line exhibits resonance is 
10 mc/s. When 5 pf capacitance is connected across the previously open 
circuited end of the line the resonant frequency is 9 ; . s mc/s. What is the 
characteristic impedance of the line 7 

16 Define the terms ‘reflection coefficient’ and voltage standing wave ratio' 
and find the relation between the two. 

17. Define propagation constant, attenuation constant and phase constants 
Show that the input impedance of a transmission line terminated by 
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Zr is given by 

Z in =Z Q \ Zr cos ^ o sinh yl 1 

\.Z 0 cosh yl-\-ZR sinh y/J 

18. Derive the equation of propagation of travelling wave in transmission 

lines and obtain the solution interms of the characteristic impedance 

and propagation constant. Discuss the interpretation of the transmission 

line equations of travelling waves and obtain the expression of the reflec- 
tion coefficient. 

19. Write an essay on (i) transmission line analogy for waveguide (ii) stub 
line matching. 

20. Establish a relation between the transmission line parameters and the 

attenuation and phase constants. Discuss the performance of a perfect 
transmission line for which R=G= 0. 

What happens when the line is not perfect ? Derive a condition for 
distortionless propagation on an imperfect line. 

21. Discuss the formation of standing waves on a loss less UHF transmission 
line and derive relationship between the load impedance and the nature 

and position of standing wave. Describe how dielectric constant of 
materials at UHF can be measured by this method. 

22' Explain the term ‘phase velocity* and ‘group velocity*. Obtain expre- 
ssions for these velocities in respect of a transmission line and show that 
Vj> v„=c 2 . 

23. Comment briefly but critically on quarter wave transformer. 
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WAVEGUIDES 


Till now we have discussed that a two wire transmission line 
provides a means of guiding radio frequency power from one 
point to another. It should be noted, however, that two conduc- 
tors are not always necessary for the transference of radio frequency 
power between two points but only a single conductor, e.g. a 
hollow metal pipe, is sulhcient if the . frequency is high enough. 
Similar tu a coaxial line in which an electromagnetic wave, travel- 
ling along it, is confined to the space between the conductors, in 
these metal pipes or tubes too, wave is confined to move in the 
direction of the tubes. Such a wave is called a guided wave and 
the single conductor as waveguide. They are employed at and 
above 3000 mc/s. 


In waveguide, voltage and current are distributed in a very 
complicated manner. Therefore, like to transmission line, it is not 
convenient for these guides to be analysed interms of oi dinary 
electric circuit quantities of voltage, current and impedances. For 
their analysis, it is convenient to consider the electric and mag- 
netic fields within the guide. These fields are perpendicular to 
each other and together form an e.m. wave which travels through 
the waveguide. As the wave moves in the guide, infinite variety 
of pattern are possible. These patterns are termed as modes. In 
the articles on waveguide, we shall use the letter E to denote the 
electric field , instead of voltage. - 

271. BASIC CONCEPT S OF GUIDED WAVES : 

As a preliminary to study- 
ing propagation through wave- 
guide, we shall investigate the 
problem of propagation between 
two parallel perfectly conduct- 
ing, planes of infinite extent in y 
and z directions fig. 1 and sepa- 
rated by a distance ‘a\ 



All electromagnetic field*, 
in the space between conductors, 
must obey certain physical laws. 

We have mentioned earlier that 
electric field is always perpendi- 


* 


Fig 1 Two parallel conducting 

planes. 


/ 


/ 
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cular to the magnetic field. Now at the surface of a conductor 

of e'cctric field parallel to the surface muTbe zero 

iZltrl L\A COndU V 0r ' 7 he raa S netic field - being perpendicular to 
Thus ’ mus ^ now be parallel to the surface of a conductor. 

E tangential = 0 
H normal =z 0 

thp S f ec i uadon subject to these boundary conditions at 

e l ect e conductor, can determine the configuration of 

electromagnetic field in the space between the planes. 

hpfwjl 0 re ? an * U l a : co ' ord inates and for non-conducting region 
between planes Maxwell’s equations aref 

V X H =jtoeE VxE= -jcopH. 

u the a b° ve equations in terms of x, y and z com- 
ponents, we have : 


dH z dH y 
dy ~ 

d_ H x 
?z 

dHy 

dx 


dz 

dH z _ 

dx 

dH x 

dy 


Also *V 2 E 


=ju>eE x , 

dE z 

dy 

dEy 

dz 

= —j0JfJrH X 

=jojeE v , 

dE L 

dz 

dE z _ 

dx 

= H y 

^joxE Zt 

8Ey 

dx 

i 

CD 

II 

= —JCOflHz 

= — to 2 /xe E 





1 


...( 1 ) 


I 

J 


or 


V 2 H: 

= 

o> a ueH . 

3 2 E 

+ 

d*E 

d 2 E 

8x 2 

dy 

•+ 3z 

d z H 

dm 

3«H 

dx 3 

+ 

dy 2 

+ 3z 2 


co 2 /xeE 




V 

y 


- wV H j 


...( 2 ) 


wnere e is the permittivity and p is the permeability of the dielec- 
tric medium between the plates, cj is the angular frequency of the 
wave. 


tV xH=| 
with J =0, 


3D 

dt 


+J 


V xE 


3B 

dt 

jwB 


-jcjyH 


we get V X H 


3D 

dt 


fcotE for sinusoidal varying fields. 


D 


Because for sinusoidal varying field in isotropic 

*Vx'V XE)=V(> M H) 

V( V-E)— v z JE = — yo>/x(V xH) 

— S7 2 F, = —jajfi ( jcoeE) = cu 2 /icE 


edia 
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Assume that the wave is propagating in z direction and since 
the field components will vary in this direction, we can further 
suppose that variation of all field components in this direction is 
expressed in the form e~ Y1 , where y is a complex constant given by 

. r=*+Ji 3 

where x and p are called attenuation and phase constants. When 

we include time variation fact< r to this z variation factor, then 

€ m c -« i e ^t--n) represents a wave propagating in the z- 
direction. 

While considering x direction, we have to impose certain 
boundary conditions stated previously but for ^-direction, how- 
ever, there are no boundary conditions and space between the 
planes in this direction is of infinite extent. We, therefore, can 
assume that field in ^-direction is uniform or constant and hence 
all the derivatives with respect to y in equation (1) should be zero. 
Furthermore, representing the field component H v , vaiying in 
r-direction by H v =H v 0 e~ yz , we can easily find 

°^ = -yH v °e- Yz =-VH v , 

OZ 

Similarly, for other z-derivatives, expressions can be written. 


9 


9 


On putting —=0 and for — = — 7, equations (1) and (2) 


become 


-VH, 


dy 

y Hy=jcueE e , 

m . _ 

~ix 

8H V 

dx 
d*E 


YE, 


j'omEz, 


yE y 
9 E, 
dx 

dEy 

dx 


■jwnH*. 

—joj^Hy. 

-jwH,, 


•(» 


dx 2 

e 2 H 

dx* 


-\-y* E = — w 2 ^eE 

-(- y*H = — 


...(4) 


Equations (3) can be solved to give the following equations : 


H, 


y dHz 



h*‘ dx 

jw€ dEi 

dx 

h*=Y*+w*iJ*. 


E.= - 


y dEi 


ft 4 ox 






jwft dH, 

h * dx 


...(5) 



tFrom equation (3), H, 


in 


I'weE, 


yH.. 


dHz 


Y 

JOlfi 


E v . Putting this values of H , 
2 


so that 


dx 

(y 2 +wVe) Ey 


+ 7 ^- Ey- 8H ° 

JW 

dHz _ 

or Ey 


jcop dx 

Similarly, other equations can be obtained. 


dx ’ 

jo>H dH z 

Z h* dx 
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We note from equation (5) that E x , E y , H x and H v depends on 
Ez and H z> the components of electric and magnetic fieid in the 
direction of propagation. If, however, we assume that there is no 
component of both the fields in the direction of propagation*, there 
would be no fields at all in the space considered. Therefore either 
E z must be presenter H z , or both. We, however, leaving general 
case in which E z and H z both may be present, divide the solutions 
of above equations in two sets, first when E z is present and not 
// 2 , / e. there is component of E in the direction of propagation but 
no component of H. Such waves are called transverse magnetic 
waves ( TM mode) since II is purely transverse : secondly when Hz 
is present and E z is zero. Such waves are termed as transverse 
electric waves ( TF mode). 

27 2 GUIDED WAVES BETWEEN PARALLEL PLANES : 


In this article we shall discuss TE and TM waves guided 
along the two parallel planes, the basis of which has already been 
discussed in the previous article 


(A) TRANSVERSE ELECTRIC WAVES : (£*= 0) : From eq. (4) 

of the previous article, the equation of motion of electric vector E 
is given by 


d 2 E 

dx 2 


+y*E 


t o 2 fJ>cE 


or 

where 


a 2 E 


dx 2 


4-/j 2 E=0 




Writing the above 
for the component E y 
that E V =E o 
we arr ve at 


v e 


-Yz 


wave equation 
and recalling 


E v 0 

~dx 2 


+ h*E v o 


0 



a>a. 


Solution of above equation 

E V °=C 1 sin /jx+CjjCos hx, 
where C x and C a are arbitrary cons 
tants, and will be determined by the application o! the boundary 
condition which is 


w 

Fig. 2. Two parallel planes; 

z is the direction of 
propagation 


implying that 



tangential 



E v —0 at x=0 1 
E v =0 at x=a J 


for all values of z. 



•We are not to mention here TEM mode with one possibility (7\V/ 0 b) 
for such a case, of course. 
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giving 


From first of these we get C 2 =0 so that solution is reduced to 

£,°=Ci sin hx. 

From second boundary condition, we get 

0=C] sin ha 

ha—mn 


or 


h— — , /h = + 1 , + 2 ,... 
a 


The solution is thus 


^ ( v ) 

The other field components can be 
equation (5) of previous article. We have 

y 3&° 


calculated on applying 


E*= 


Ev<> 




0 


h* dx 

„ . / m-nx 

Cj sin I 

h 2 




£y° rf* 


/i 2 a 


jajp.rriTT 

mn 


- / m77x \ 

Cl cos ( — J 

C, cos J 


//« 0 =-T= 


W°=- 


lojpa 

yaw 

/>* ax 

y _ / mrrX \ 

jw/i \ a ) 

jil)€ dEi 
W ~8x 


0. 


Therefore 
planes are 


field components of TE waves between parallel 


Ev=Ed> e~ r ‘ 




Ci sin (S) e~ rt 


H. 




nvr 

juj^a 

y 


jo>v- 


C ‘ cos { V ■ ■ ) 

- . / W7TX\ 

C, sin I — 1 


-y* 


...( 2 ) 


1 

' • J 


Each value ofm refers to a particular field configuration or 
inode. It denotes the number of half period variations of electric 
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a 'pmZ&f re e ” 8 ' on) °j ? e *■* 

Son J3S W aiso h bc Ve c“s"d e er e * Wh ' re *« 

The propagation constant is given by 

7 ? = /2 2 - 





fflit' 2 

a 


U) 2 fl€ 


WekMwthatifyispnrelyrealthen plo which implies "tha! 
fore propagation wiuTe pS when n ° P ro P a * a,ion - n “‘- 

W7r\ 2 

~ ) < CV 2 /X€. 

fl 1 ...(4) 


. The frequency above which 
given by 



or 

a 

or 

f v 0 m 

U 2 ’a 

or 

rri A 

\ —!!£._ 2a 
fo ~nr 


- (5) 


• ni £ ner is tne separation between the planes, lowe 

ble when ° ff * rec * uen °y* ^ ma y noted that propagation is possi- 



0)*fA€ 


or 

or 


<*>e 2 H* 

<D > Q> e 

A ^ Ac or Ac A 

?•**» cut off wavelengths is longer than the free space wave 
length. With Y=j$, field equations become 

mirx 


E*=Ci sin 


e~M* 


H* 


H t 


mn 
jojfjUJ 


a 


C x cos ^ 
C x sin ^ 




...( 6 ) 


a 
mnx 


)—jp* 


<*>H> ’ \ a 

f ^ nce r ^? == 0 reduces the whole field to zero, the lowest value 

tp * 1 “ erefore lowest order mode that can exist in this case 
18 1 ^iso mode. 
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Phase and Group Velocities : 

The propagation constant is given by 

y= y/(w t 2 pe —to 2 fie) 

or p=\/(w 2 fic — w e 2 fn). 

Phase velocity with which the wave travels within the guide is 

to (jj 




(3 “ 2 HC - to e 2 ^) 
1 1 


v 


0 


~V(l-V/V) -( 7 > 

The group velocity with which the energy travels within the 
guide is 


(Vg)gf 


c z 


v 


0 


(Vj)iA- ( v e)pA- 

(t>,)W(l-A 0 W) 


...( 8 ) 


(Ve)ph- 

= i A 0 2 /Ac J ) 

Further wavelength of the wave within the guide is given by 

1 A n 


A 


(Vg') j>h- 

f 


V, 


f V U — Ao*/ K*) 


V(1 -V/V) 

..(9) 



;(«-»■ 

^0 

or 

Aj, 



A„ a 

or 

— A„ a 


1 

1 1 

or 

A 2 “ 

~A c a+ A e 2 


...( 10 ) 

Ex. 1. A wave is propagated in a parallel plane guide operating 
In TE mode at a frequency oj 6Gc/s. The separation between planes 
is 5 cm. Find 

(j) The cut off wavelength for the dominant mode. 

(ii) Wavelength with the guide operating in dominant mode. 

(iii) Corresponding group and phase velccities. 

(a) For dominant mode, m — 1 and therefore from eq. (5), 
the corresponding cut off wavelength will be 

A„= — —2a=2x 5 = 10 cm. 

m 
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««*' MCLUi S:)tlnT teD£,h Wi,hin ,he 8Uide for domi ‘ 


A 


A 


where 


A 


o 


Therefore 


v(i-v/a.“; 

V c_ 3x 10 10 

f~f ~6x 10®~ 


5 cm. 


A 


5 


5 



5 


1 


5 

10 


V(l-025) V(0-75) 


5 


0-866 


5-77 c 


\T - « v OUU 

length. Furfher^s cutoff Cngth | ,S 8 u Cater than fr ee space wave- 

apa?= wave^h a ^„^tKXib, S e mUOh 8reaKr 

(C) From eq. (7), phase velocity is 

*>o 3 X 10 10 


(, v g)i>h' 

and group velocity is 

( v o)or • 


V(1 


V/V) 


F86T ==3 ' 46x 108 m / s - 


(Vg)ph.V(l-*oW) 

3'46x 10 8 x 0 8 66 
2’99x 10® in/,. 


5/7 v iw/A » /> fJhlt ^ gr f atesl n u™ber of half waves of electric inten- 
a waveguide whose wall separation is 5 cm. Caiuiaie Te guide 
wavelength for this mode of propagation. 

In this problem we are to find the largest value of m for 
le ' C th ^ CUt wavelength, A C) is larger lhan free space wave- 
waveguid°e. ondlt,on for lhe wave to propagation down the 

The free space wavelength is 

3xl0 10 


A 


0 


Cut-off wavelength 

for m= 1, 


c 

7 


10x10® 


3 cm. 


A e =— 


2a 

m 


2x5 

1 


10 cm. 


for m— 2 


A 


2a 

m 


(this mode will propagate) 
2x5 . 

- = 5 cm. 


2 


(this mode will propagate) 
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/ 


for m — 3, 


A 


2a 

m 


2x5 


3 


3 33 cm. 


for m = 4 


(this mode will propagate) 

, 2a 2x5 „ c 

A e = - = — — = 2'5 cm. 
m 4 


The last mode will not propagate because for this A„ < A 0 . 
Thus greatest number of half waves of electric intensity that can 
be established between the walls is three. Cut-off wavelength for 
this mode is 3’33 cm. Therefore guide wavelength will be 


A 


o 


-V/A e 2 ) 


3 



1 - 



= 6 91 cm. 

Ex. 3. What should be the separation betv een the planes of a 
plane parallel guide so that a wave of 10 Gcjs may propagate in a 

inode having three as the number of half rvavt’J of electric intensity 
(m= 3) and guide wavelength equal to 691 cm (A e = 6'91 cm.) 

Free space wavelength is 

c Sx’O 1 " 

A °"/ — lOx 10® 

We know that 

A,-’-* 


3 cm. 


or 


a 


m 

m 

2 




3 a 
2 # 


...( 1 ) 


To calculate cut-off wavelength, we have ihe relation 

A 

A 


0 


0 


V(.l — A 0 2 /A. 2 i 


or 


1- 


\ 2 
''o 


A 2 
''O 


A 2- A 2 


or 


Af — 


3 


VU-VM, 2 ) 



1 



_3^ 

09 


3 33 cm. 


Therefore putting in eq. (1), we get the separation as 


a= T A 0 


3x3-33 


2 

= 4 99 cm. 

(B) TRANSVERSE MAGNETIC WAVES ; (H,=0) 

The wave equation for the y component of magnetic field can 
be written as 


d 2 H V ° y 2 rj 0 

1 ** +7 Hy 


w V« ff 9 ° 


/ 
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or 


a *h v 


+ h*H v *=0, 


dx 2 

solution of which is 

Tn * , ^ 0= ^s sin hx-\-C t cos hx 

in order to apply boundary conditions, we may put 
of electric field component. We know that 

ffyO _ J W€ dEZ" 


H v ° in terms 


so that 


h* dx 


E} 


h* 


jcue 

h* 


H v ° dx 


jwe 


[C 3 cos hx—C t sin hx]. 


The boundary conditions are then 

E,°=o at x=0 
E z °= 0 at x—a 

two results 1 " 8 thCSe boundary con ditions we come at the following 


C 8 = 0 

Solution is then 


and 


h 


mn 
a 


EJ> 


h 


J(J)€ 

mrr 


C 4 sin f 


rpnx 

a 


ja)€a 


c. sin (=«) 


and 


tf„ 0 =C 4 cos 


trnzx 



The other field components are 

VC \ 




cos 


(T) 


J(V€ 

and E „°= 0 

Therefore, with y=j$ f the field components of TM waves bet 
ween parallel perfectly conducting planes are 


H 


V 


~ ( mKX\ _ 

C,cos(—) e - 




E. 




E. 


we 
jmn 


Ci cos 






C 4 sin ^ 


mnx 





\2 


coca - \ a 

It is obvious that with m= 0, all field components are not re 
duced to zero. That means, in this case, lowest mode will be 
*A/ 0 , 0 . For propagation to be possible we must have 
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y=j P 



o>V c 


mn 

a 



or cut-off frequency is aj e 2 ne = ^^'j 


2 


fc 


_Vo m_ 

2 ' a ' 

Thus for a given value of m, there is a corresponding cut-off 
frequency below which wave propagation cannot occur. The wave 
or phase velocity with which the wave will propagate between the 
planes is given by 

Cl) CD 


V = 


P 



coVc 



which predicts that near cut-off. velocity approaches infinity and 
decreases as the frequency is raised above cut-off, approaching the 

lowest limit 

1 

v-+v 


0 




when the frequency is high enough so that term ^ is negligible 

... • « • « A t. _ 


compared with When the dielectric medium between the 

planes is air, n and e have their free space values so that lowest 

limit of velocity is 

1 


v 


0 


3x 10 8 meters/sec 


V(^«) 

=c, the velocity of light. 

This wave velocity or phase velocity is different from the 
velocity with which the energy propagates. The latter is called 
group velocity, and is related to phase velocity, v, by the rela- 
tion 


V v„ = c 


E 


TEM WAVES IN PARALLEL PLVNE GUIDES : 

In case of TM wave, ifm=0, then field components are 

H y = C, e~> t* 1 

= -A C 4 er*» f 

toe J 

E-= 0. 

Thus we find in TM 0? mode, the component of electric field 
as well as magnetic field in the direction of propagation is zero, 
that is, electric and magaetic field both are transverse to the 
direction of propagation. Therefore, it is TEM wave. Further 
discussion about TEM wave will be takenup after discussing wave- 
guide (art. 27 6). 

27 3 ATTENUATION IN PARALLEL PLANE GUIDES : 

While discussing the propagation along parallel plane guides. 


/ 
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tees «*»** « *- 

conductivity is rarelv infin! ^ akl "S * — 0;. In actual waveguides 

some losses The „,oh 2m i and ,herefore there win always be 
tant. « problem ,s now ‘0 calculate attenuation cons- 

lines are given^y*^ current re i at 'ons on a two wire transmission 

V— V 0 

1= I 0 («+/£)* 

and the average power transmitted is 

Re [VI*] 

Th , =iJie[V o Vie- 2 ” 

be 60 ^ ecr, - ase of transmitted power along the line will 


dz 


= 2ac P av . 


The decrease of ^transmitted power per unit length of line is 

leng t h! 1 Vhe ^efo r e C q U a 1 fo th ° e P° w ^ r lost cr dissipated per unit 


so that 


P ower lost per unit length _?* P„ v 
Power transmitted ~p a 

Power lost per unit length 


2a 


P 


lo$t 


We shall ^ 2 X PoweTTF^T^d 2x/W 

following th release s^. l ° Ca,Cula,e atf enuation constant a in the 

^ t ^T TENUATION FACTOR for TEM WAVES : 

are 6 3Ve a * rea< l y shown that field components for TEM wave 

ff v = C t £>-'*»* 

P 


E 


cue 


Ci e-W= = v Ci e~ ie * =. r) H v . 


boun S r v e ^ iSWh ° ,,y tan 2 en tial. it is continuous across the 
the I and represents the magnetic field of the wave entering 

planes will bis mear current density in each of the conducting 


Js=x X H=x Xy Hy—'z H t 


where x is the unit vector in x-direction. Therefore 

I Js |=C 4 . 

The loss per square meter in each conducting plate is 
where R s is the resistive component * of the surface impedance 
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Z s 



JWftr* 
°tn 


where 


j( 


a>Pm 


or 


R 



2° m 
0)Hm 


+j 



a>Pm 

2o m 


2 a 


Hn and a m refer to the values in the metallic conductor. The total 
loss in the upper and lower conducting surfaces per meter leng 
for a width of one meter of the guide is 

Pio. .-2 u Rs h- ) 

=Rs . 

The power transmitted down the guide per unit cross sectional 
area is 

= * Re (Ex II*), 

=i {E S H V ) 

Suppose the spacing between the plates is a, then cross- 
sectional area with width unit meter of plates will be a so t a 
power transmitted through this area will be 

Ptranf^i TjC^a. 

Therefore attenuation factor is 

Pio.t _ RsC 4* - 

aTEM= 2^K a Zr~2xivC, 2 a 


Rs 

rja 


r.a 



Ty a 







2* 


m 


nepers/meter. 

A curve of attenuation versus frequency for TEM wave between 

parallel planes is drawn in fig. 3. 

(B) ATTENUATION FOR TE WAVES : 

We have shawn in TE case that field components are 




i sin ^ 


mnx 
a 


r-Jfiz 


1 


H 


Ht—j 


top 
mn 
to pa 


C x sin ( 

■jjij- \ 

C x cos ^ 


-Jfi* 


a 

mnx 

a 





The amplitude of linear current density in the conducting plane 
will be equal to the tangential component of H i.e . ti t at x U 

and x—a. 

I Jsv |=| H. . | (*=0, *=< 

nmCi 


oifj-a 
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For this mode, as is obvious, there is no flow of current in the 
direction of wave propagation. The loss in each plate is 

P'u.t= * Rs | Js v I 1 

mWC* Ji g,n m \ 

2a >V 2 ^ 3 ' V V a m) 

Therefore total power lost will be Pi,st=2P'i ott . 

Power transmitted per unit area=J R e (ExH*j* 

=-i {E v H x ) 

PCP . 2 (mnx\ 

. 2o>m Sm ( a j 

lne power transmitted in the z-direction through an element 
of area of width dx and breadth unity, da — dx, is 


PCP . , mxx\ , 

^ sin 2 ( dx. 

2aj/j. \ a ) 


Then the power transmitted in the z-direction for a guide one 
meter wide with a spacing between conductors of a meter is 

~ a PCP . (mirx\ 

— sin* | 

\ a I 


Therefore, 


.o 2 u>fi 


mnx\ , PC, 2 a 
dx 


4c op * 


P 


tram* 


PC Pa 

4 o)li 


We can now write for attenuation factor 


lost 


2 P' ln . 


2xP 


if ant • 


2x 


PCM 

4oj/x 


2x ™ tn2C ' 2 U'Ots} 


2cu 2 u 



2 a 


m 


2x 


jSCPa 


4c ofi 

2m 2 n 2 x/(a} Um l2a m ) 


since 


Pa/xa a 


P 



a ) 2 u« 


( T )*} 


= v / (a> 2 /x6 — a><? 2 /x€)==a>\/(f Jt€ )V^ 


Therefore 


to 

t; 


vv-fc 2 in 


a TE 


2m 2 7c 2 \/ (ai/z m /2f m 




to 




Further 


to„- 2 /xe 


(?) 


so that 


/< 


WIM 

2J 
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Then we can write a 


in another for 



That is, 




2 a m ) 


0>W (l-/ 2 // 2 ). - 

V 

( 2) 5/2 (/ e ) 5 ' 2 ( m ) 1 '* 

A* z f t cpl > y/(l-fc , lf 2 ).i> in .ii 


vWc) 3 ' 2 (/c) 1 '* V(2n,M m la m ) 

] *.a»/*V( l -/oVV'MvWo 1 '* 

V™ //2it M m \ (/,//)*/* 

“ a*/* • V IwJ ( 1 -/,*//»)*/* ne P ers / m > 

where » ?=v r 0 t / € )» the intrinsic impedance of the space. The varia- 
tion of attenuation factor with frequency, /, is depicted in fig. 3 The 
attenuation factor, as is obvious from the above expression, 
depends upon (/) the function of (///„), (//), on m, and (i/7) the 
metal plate parameters. It decreases with increasing frequency, 
becomes zero for infinite frequency. 

(C) ATfENUATION FOR TM WAVES : 

We have shown in TM case that the field components are 



. The amplitude of linear current density in the conducting plane 
*>11 be equal to the tangential component of H, that is, 

J»—\ Hy | =C 4 . 

Then the loss in each plate one meter wide is 

P'io$t=\ R. | J, PH W 



so that the total power lost per unit length of both the plates, each 
being one meter wide is 


p,..,=2xi <v Vfe") 



.The power transmitted in z-direction per unit area of cross 
section is 

H ft (E X n*)« 
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— £ (E a H y ) 



mnx 


a 


Power transmitted in the ^-direction for a guide one meter 
wide in y direction with a spacing between conductors of a meters is 



Therefore attenuation factor is 


&TM 


P 


lost 


2 X P irons • 


cyv (w^ m /2o m i 


2x 


4a>e 


_2tue / / con m \ 

-apJ{2o m l’ 

This expression can be further modified by putting the value 
of |5 and manipulating in the way adopted already for TE case. 
We can put it like : 


a TAf 




m 



( fclf) 


8/2 


°mM / VO 

This is also an involved func- 
tion of (f/fc) as well as being depen- 
dent on m, and on the metal plane 
parameters. Obviously, 

a tm’ 

The variation of attenuation 
factor with frequency for TM wave 
is shown in fig. 3. The minimum in 
the attenuation curve for this mode 
may be shown to occur at 

f=V 3/.. 


foVf 2 ) 


nepers/meter 



lg. J. variation ui auvuui*v. — 

of TM, TE, and TEM modes 
between parallel planes (/»—*)■ 


27-4. RECTANGULAR WAVEGUIDE : 

When the cross section of the metal tube is rectangular, it is 
called rectangular waveguide and if circular, then it is called 
circular waveguide. 

It will have Mb pairs of conducting plates. The solution 
of Maxewell’s equations to determine the electromagnetic held 
configuration in the guide will be obtained by applying the 
boundary conditions at the walls of the guide. Maxwell’s equations 
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for the loss free region within the guide (the direction of propaga- 
tion is z and since guide is finite in both x and y directions 
& 3 9 

^ and — will not be zero), on putting = — y in eq. (1) art. 
27- 1 are 


dH 


dy 


+yH v =jaieE x , 


d.E: 


0ft cH £ 


dy 

0 E z 


+ yE y = —ju)iJ-H x , 


-ju'-Ej, ~-4 -YE; 


juiiEf, 


dE y dE x 

dx dy J dx dy 

and wave equations for E z and ft are 


8t£: +?^+y 2 E z =-^eE l , 


dx 2 
d 2 H: 


+ 


dy 2 

d 2 H z 


dx 2 1 dy 


■2 


-fy 2 Hz— — to 2 ^ffft 


Equation (1) can be combined to give 

t 


H 


H»=-n 


h 2 CX 

7 ?H 


0H z+ j<ue 5E 


h 2 dy 

j cue dE 


*E 


E«= — 


h 2 0y h 2 dx ’ 

7 0E 2 jw/x BH Z 

h 2 0x ~ h 2 3y ’ 

7 0E, jcu/x dU t j 

h 2 dy + h 2 0x ’ J 


J- 


where 


/i*=7 2 +o>V. 


jujflHy, 
— /cu/ift , 


••■(I) 


• ■ ( 2 ) 


...( 3 ) 


These equations give relationship among the fields within 
the guide. Now we shall again here divide the possible field confi- 


•From equation (1). 


E x =--+- 

(jje 

dH z 

dy ' 

_ JY 

cue 

Hy 


• 

= L 

0ft 

A 

jy 

fj-l 

f 

OJ€ 

0y 

tO€ 



• 

== J_ 

0ft 

r 

0ft 

7-£ r 

OJ€ 

«7 

dx 

OJ 2 fL€ 


Qr (V ; + cuV) _J_ 0ft _ 7 0ft 

a)*/i€ cue 0y CU 2 /A€ 0X ’ 

P jcjfj. dH z y dE z 
z ~~~h r ~ dy ~ h 2 dx • 

Similarly other pmmiinnc ran he ohfaineH 
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guralion within the guide into 
two sets : 

(1) Transverse magnetic 
waves (TM mode), for which 
H z = 0. 

(2) Transverse electric wave 
( TE mode); for which E z =0. 

For rectangular waveguide 
(fig. 4), the boundary condi- 
tions are 



E tangential 
E tangential 

274-1. TR>i 


Fig 4. Rectangular waveguide 


0, i.e. E x — E z — 0 at y=0 and y—b, 

0, i.e. E v —E t =0 at x=0 and x=a. 
[SVERSE MAGNETIC WAVES : 

, . * n rectangular guide : (a) Field compuui 

shali solve the partial differential equation (2) to obtain 

OI Held comnonenk rnrrpcnAn^!«<* a ~ 


We 


Ot Held components corresponding to this case. 

ror TM mode, H» is zero while E z will be a function of x and 

V CoorninatAc T a* r r> c% * v ... 


y coordinates. Let E, (x, y, z)=E z ° (x, y) <r”, with 

E,°=X(x\ Y (y). 

Putting eq. (4) in eq. (2), we get 

r" 


...(4) 


dx* 1 “ dy 
Substituting the value of y 2 from 

v d*X v d 2 Y 

Y S^ +X dpr+^ XY - a 


a flpeXY. 


...(5) 


...( 6 ) 


or 


1 1 d‘Y 


X dx* 


or 


Y dy* 
1 d'-X 
X dx 2 


+h*=0 


+h 2 


_1_ d*Y 
Y dy 


...(7) 


x dx* r ay* 

In any equation, a function, purely dependent on x, cannot be 
equated to some other function, which on the other hand, purely 
depends upon another independent co-ordinate y unless each of 
them is equal to a constant, i.e. 


1 d*X 


+h 2 


1 d'Y 
Y 


X dx 1 ' " Y dy 2 
Thus we should solve two equations 

solution of which is 

X—C x cos Bx+C % sin Bx , 

B*=h'-A*. 


A* 


..-( 8 ) 


+A 2 = /l a , 


.J9) 


where 
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And second 


1 d'Y 


A\ 


..,( 10 ) 


Y dy * 

whose solution is F=C a cos Ay-\-C t sin Ay. 

Thus, E«=XY 

=CjC s cos Bx. cos Ay+C x C t cos Bx. sin Ay 

-HQCj sin Bx. cos Ay+C 2 C t sin Bx sin Ay. ...(l 1) 

To calculate the values of constant involved in above equa* 
tion, boundary conditions will be applied. We know that 

£ s °= 0, 

when x=0, x—a and j>=0, y=b. 

Applying x=0, equation (11) takes the form 

E 1 °=C 1 C S cos Ay + CxC t sin Ay— 0, 
which shows that for all values of y, E, will vanish if Cj=0. 

Thus equation (11) is reduced to 

£ 2 °=C 2 C 3 sin Bx cos Ay+C 2 C t sin Bx sin Ay 
which, when ^=0, reduces to 

E z °—C 2 C 3 sin Bx— 0. 

Assuming Byt 0, C 2 or C„ should be zero to satisfy above equa- 
tion. But if C a is zero, whole expression for E x " will become zero. 

Thus taking C,= 0, equation (11) will be reduced to 

E e °=CiC < sin Bx sin Ay 
— C sin 5x.sin Ay 
Now if x—a, then 

E,*=C sin 5a.sin A ; =0. 

This expression to vanish, for all values of y, A canno' be 
taken as zero since it would make E t ° identically zero and the only 
alternative is that B should assume the value 


B 


mu 

a 


where m=l. 2. 3 

* > ^ | •'Ml 


Again if y=b, then 


p A ^ /WT TX - m 

£a°=C sin . sin Ab. 

a 

For this to vanish for values of x, A must have the value 

nn 


A 


b • 


where n=l, 2, 3,... 


Therefore, the final solution for E z ° is 

nr.y 


_ „ . mnx 

Ey=C sin .sin 


b 


...( 12 ) 


We shall see from eq. (14) that for the waves guided by per - 
Jecily conducting walls, y (=a.+j&) is either purely real or purely 
imaginary. In the range of frequencies, where y is real, 0 is zero 
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i.e. t no wave motion; but in the range of frequencies, where y is 

imaginary, a is zero but (3 has some value and therefore, there is 

propagation by wave motion without attenuation. The latter range 

is of chief interest in waveguide propagation. With each type of 

wave, a cut off frequency is associated below which, for a guide of 

given size, propagation becomes impossible. In general, value of 

cut off frequency for each type of wave is lowered with increasing 
size of the guide. 

Now from equations (3) and (12), on putting H 2 = 0 and 7=-- ft 
for frequencies above the cut off frequency, we can get 


E a ° 


E ® 


H ® 


H.,o 


— B cos Bx sin Ay, 
-j|3C . . „ 

— ^ - A sin Bx cos Ay, 

jtoeC . . _ 

-p— A sin Bx cos Ay, 

- jcocC _ 

— — B cos Bx sin Ay,j 


...(13) 


where 



and A 



In above values of B and A, m and n are integers, while a and 
b are the width and height of the waveguide. 

( b ) Cutoff wavelength : 


We know that 


B 2 =h*-A i or h 2 =A 2 +B 2 . 

Also, h 2 — y 2 -f co 2 /j.e. 

Therefore, y— y/(h 2 —co 2 ^) 

(,4) 

Equation (14) represents the value of propagation constant for 
TM waves in a rectangular guide. For low frequencies, o>V« is 
small and 7 is a real number for which (3 must be zero. When [3 is 
zero, there can be no phase shift along the tube, i.e. no wave 
motion along the guide for low frequencies. 

On increasing the frequency further, a stage will come when 
oj t nc=h 2 , and y= 0. This value of at is called cut off angular fre- 
quency and is denoted by <v e . Now for frequencies greater than a> e , 
(i.e. to > a> 0 ), y will be imaginary and will have the from y jf. 
For perfectly conducting walls attenuation constant a is zero for 
all frequencies when to > <o c . For the frequencies above cutoff 
value, we have 


\ 
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The cutoff frequency is given by 


cu 0 2 /ie=/i*. 





In expression (16) A c is called cut off wavelength, v 0 in above 
expression is the velocity of electromagnetic wave in a dielectric 
having constants /i and e. Equation shows that cut-off wavelength 
depends upon the size (a, b) of the guide and the mode of propa- 
gation ( m , n). Propagation is possible only when the wavelength 
of the wave is less than the cut-off wavelength (A 0 < Ac). 

(c) Guide wavelength : 

Now the velocity of wave propagation in the guide vp'll be 




-y/(taV e ~ uvt**) 




This expression shows that velocity of wave propagation in 
the guide, v„, is greater than the phase velocity in free space. The 
phase velocity decreases from an infinitely large value when the 
frequency is increased above cut-off and for frequencies much 
above cut-off, it approaches v 0 the velocity in free space. 

‘Since p=y/(co i y,e—to c , iie), wave motion is possible only when frequency 
°f the wave <o is greater than <u c , the cut-off frequency. 

tr. — - 1 velocity of the wave in a dielectric of permeability /t and 

' ° V(^) 

Permittivity e. Since here dielectric is air, these are referred to free space 
an d y q is called velocity in free space. 




11*0 


than phase ve LcTty" in frees pace 8 i VCn • !} y . Since v ° is greater 

ponding free space wavelength. ’ Th^ ** ° Dger tha “ the corres ' 



We thus find that 





..( 18 ) 






1 


A* 


z 


or 


1 1 



1 


An 2 


v + v 


^ w 

which is called guide equation. 

modJ W °The b fiSi P subTcriM " ? r ? Used 10 designate a particular 
variation!^ electrffiS'^ve^i'nT^ ° f ha,f ^ 

sub.criDt n md lieeln?'""'^"" °i S he "‘"Wide and the second 
S? hfialf period variations of elec- 

Id along ^-axis taken along narrow dimension. 

components f WomJ Uati0n ( that if m=0 or al1 field 
unity For m=n— i Z ?£°\ Thus lowest value for m or n can be 

particular wave k pJii j^V^ WeSt cut ‘°^ frequency will occur. This 

waves witlT lflroer e i d ™l x wave - For thc propagation of TM 

dimensions, higher freqwncfe,” ‘ ^ 

27-4-2. TRANSVERSE ELECTRIC WAVE : 

different!?! 0 ^, w- rec /* n 8 u,ar t guide : We shall solve the partial 

corre S po„ding q ,o ,his rase ‘ be Valura ° f ““P 0 """’ 

will tea fnn e eL C0 ^ POnen i S : For TE mode & is ™o, while H. 
will be a function of x and y coordinates. Let 

with H z =H\ e-v* 

\ . HS=X { x) Y(y). 

rutting above equation in eq. (2), we get 
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d*X d*Y 

y “ j! + * vL + y *AT 


dx 2 1 ~ dy 2 

Substituting the value of y- fro 

&=■)?+ a? lit. 


oj^tXY. 


we get, 


Y i^-^X~+h t XY= 0 


or 


dx 2 

1 d 2 X 


dy 2 


+Z* 2 


1 d*Y 


X dx 2 Y dy 2 

Now proceeding exactly in a parallel way as in transverse 
magnetic waves, we shall finally obtain 

Hi°=XY=C\Ca cos Bx cos Ay-\-C 3 C A cos Bx sin Ay 

-t-C 2 C 3 sin Bx cos Ay+C t C t sin Bx sin Ay. ..-(19) 

Differentiating above equation with respect to x, 

= — CjC 3 B cos Ay sin Bx-C l C i B sin /t;\sin Bx 


dx 


-f C 2 C 3 Z? cos Ay cos Bx-\- C C A B cos Bx sin Ay. 
Now from equation (9), since E z °— 0. 

W h 1 £0 


h 2 


dx ju>n 


• • 


JlOfJ. 


E^=-CyC 3 B cos Ay sin Bx ~ C\C 4 B sin Ay. sin Bx 


+ C.,C 3 B cos Ay. cos Bx+C«C A B sin Ay. cos Bx. 
Now we shall apply the boundary condition , 

E v °= 0 at x=0 

At x = 0 

h 2 


...(20) 


/coM 


E y °=C 2 C 3 B cos Ay+C.jCiB sin Ay=0, 


which shows that for all values of y, E v ° will vanish if C 2 = 0. 
Thus equation (20) reduces to 

h 2 

. — E v °=— C x Cifi cos Ay sin Bx- C X C 4 B sin Ays'm Bx. ...(21) 


;<ou 


Again differentiating eq. (19) with respect to^. 
dH 0 

g - = - C a C 3 A cos Bx sin Ay J r C l C i A cos Bx cos Ay 


-C 2 C t A sin Bx. sin Ay+C,.C A A sin Bx cos Ay. 
But from equation (9), since E c °—0, we get 

dH 2 ° h 2 


Therefore, 
h 2 


dy 


/CO/i 


EJ>. 




E x °=-C 1 C 3 A cos 5.v.sin Ay A C y C x A cos Bx cos Ay 


—C 2 C 3 A sin £x.sin Ay A C.C 4 A sin Bx cos Ay .. (22) 


> 
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Again the boundary condition is 

E x e = 0 at v=0 

At y= 0, 

h* 

~jton E *°= c i C i A cos Bx+CoCiA sin Bx=0. 

which shows that for all values of*, E x ° will vanish ifC 4 = 

Thus equation (22) reduces to 

h 1 

7~ Ex°= —CiCnA COS Bx sin An Cr* A ^ 


„ u , vanish ifC^=0, 

reduces to 

jail* — ' ~ ~ C * C * A c °s Bx sin Ay-C a C 3 A sin Bx sin Ay ...(23) 
/ritterTas CODStants Ca==C « =0 » equations (21) and (23) can be 

(24) 

(25) 

be 


Ae. . 

JOJfJ. 


h 2 „ n 

~ji»n Ex c i C zA cos Bx sin Ay. 

ifcdta JuSS 7yT x =°- E ’°=°- e< > ua,ion < 24 > wi " 


C x C 3 B cos sin 5*. 


E X ^~C,C 3 A 


Ba == wn 


or 


5 


W7T 

a 


Similarly, at boundary condition y 
will be satisGed for all values of * if 

Ab=nx 


where m= 0, I, 2, 3.. 
6, £^0=0, equation (25) 


or 


A 


n JL 

b ' 


(7 ” v 

Putting C C 3 --=C, equations (24) and (25) become 

Ey0= ~‘ / ^f CB cos Ay sin Bx 

E » n= ^jpr C A cos Bx sin Ay 
and for H z °, put C 


where « = 0, 1, 2, 


...(26) 

...(27) 


2 =C 4 = 0 and C,C 3 =Ceq. (19), so that 
H 2 °=C cos Ay cos Bx. ...(28) 

from equa 3 t, C o U n a a 3*° Valucs ofother field components, we see that 


H 0 

11 X 


Y_ cH z ° 

h 2 ' ~d7~ 

= h 2 Ey° 

h 2 j oft 

Putting y=;3, and value of E y n , 

yp h 2 „ 

x ~ CB cos 4>‘ sin Bx 


H x ° 


h 2 


ju>H 


h 2 


yp rn 

gr lb cos Ay sin Bx 


...( 29 ) 
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Similarly, H„ 


CA cos Bx sin Ay 


...(30) 


b 


2 


Field equations (26), (27), (28), (19) and (30) gives the field 
component values in the case of TE mode. 

(b) Cutoff wavelength : 

Quite similar to TM case, for frequencies above cut off 




or 


>:f{ 

The cutoff frequency is given by 


mn \ i I nn \* 
+ ( — 1 


mr. i a / irm 


orye — 


r j -l 


6 



or 


m7r\‘ nrrr 


b 



or 


A„ = 


v 0 

fc 


2 




(c) Guide wavelength : 

Velocity of propagation within the guide 


CD 


a» 


(J y'ai'^6 — a» c ' J /^€ 

1/V> 


0 


Vl" V i / 


2 'CJ 2 


Gu de wavelength is 




. • 

J 

v, 


1 


or 


1 


or 


/ 4 \/\ — CO c 2 /w 2 
\/ 1 — Ao 2 /A c 2 

y_v 

A e s_ A c 2 

1 _ 1 J 

v~v + v 


...(31) 


...(32) 


...(33) 


• (34) 


...ns) 


i.e 


Above relation is called guide equation. It is also obvious that 

v„ > v 0 

velocity in the guide is greater than wave velocity in free space. 
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TE 1>0 mode : 

In of ^ wave, we see from equations (26), (27), (28), 

(29) and (30) that all field components do not vanish if either m 

or n (but not both) is given a value zero, -quite contrary to TM 

case, hus in the present case TE U 0 and TE 0> t modes are possible; 

m subscript is always taken across wide dimensions of the guide 

and henceJiTj, „ wave has a lower cut-off frequency than the TE tn 
wave as shown below : • 1 


We know cut-off frequency is 




+ 


or 


•(?) 
~ij[{ 

For TE lt 0 mode 1 • n =0. 


nn 


fc 


m 


+ 


(HI 


So 


( __ v o 1 

V Jo)u 0 X"* • 

2 a 


Also for TE 0 , x mode m— 0, n= 1. 


So 


Since b < a. 


t f\ _!o 1 
Uc 0 . i~2 •£ 


( fc)l > 0 ( fc) 0 , i« 


he wave, which has the lowest cut-off frequency, is 
w ave. For TE X , „ wave used in most experimental 
f . o ^ com P oner its can be written by putting m — 1 and n 
— n/a, A = 0 and h = n/a, in field equations i.e., 


called 
work, 
=0 so 


Ey° 


n 0 . nX 

1 ^; — C. B. sin — 

h a 

~ ju} V C.sln 


1 


E x ° 

H x ° 


H v °=0, 

y'(3aC . 7rx 


> 


...(36) 


7 T 


H g °=C cos 


.sin 


7TX 

a • 


a 


P 



CO 


(r)> 


J 
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Thus for TE U0 wave the cut- 
off frequency is that frequency 
for which the corresponding free 
space half wavelength is equal 
. to the width of the guide. The 
waves with wavelengths longer 
than cannot be transmitted thro- 
ugh the guide. Thus the wave- 
guide is a form of high pass filter 
capable of transmitting a wave of 
frequency greater than the cut-off 


frequency /„ = —. 


Variation of 



K 

Ac 


with 


p is shown in fig. 5. 


♦Fig. 5. Variation of \ g / Aq with 

A o/ A«* 


For TE U 0 mode the guide equation will take the form 


Ay = 


n 


VU-(V2a> 2 } ' 

We see from the curve that 

tfo) at very high frequencies (for which Ao/Ac-^O), A„ A 0 , 
te ■' guide wavelength nearly equals the free space wavelength. 

t(6) as the frequency is decreased, A 0 and ratio Ay/A 0 both 
increases, and hence guide wavelength, A e , increases. 

( c ) if A 0 /A c < 0-5, change in A„/A 0 is not remarkable but for 
the value of A 0 approaching A„, AJA 0 and the guide wavelength. A,, 
wcrease rapidly and approaches infinity. 

As is obvious from end view, there is voltage between top and 
bottom which is maximum at the centre. To show this maximum, 
utore solid arrows with tail (represented by cross, x) above and 
Point head (represented by dot,*) below, are drawn in the centre 
|ug. 6 d). At the side walls, the voltage is short cut by them and 
hence assumes zero value there. After quarter of a cycle voltage is 
zero, but again appears with reversed polarity after further quarter 

•The plot easily follows from A 0 */Ay 2 -— 1 — A 0 2 /A e *. 

tWe know tu o z /aj 2 =A 0 J /A o 2 . When frequency to is high, we can 
assume that so that a> o 2 /w 2 ->-0 or A 0 /A c — >0. But when frequ- 
ency w is low, it can assume as lowest a value as <d c ; because 
below w e propagation is not possible, so u)=(d c i.e. A 0 /A e =l. 


.Ay 

+ A 0 


1 


V(1 — w 2 /w e 2 ) 


so that as decreases, A y/\ 0 increases 
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of a cycle as shown with tail below and point head above. The 
magnetic field forms the closed loops. 

Field configuration for TE 0lJ mode in rectangular waveguide : 



Top view. 


Fig. 7. 


End view. 


Field configuration for TM l5 i 





Top view End view. 

Fig. 8. 

Example: A hollow rectangular waveguide has waveguide 
dimensions 6 cm x4 cm. The frequency of impressed signal is 3 GHz. 
Compute, for the TE U 0 mode : 

(a) cut-off wevelength 

( b ) the guide wavelength 

(c) the phase constant 

(d) the intrinsic wave impedance. 


Given 


a — 6 cm. 




« 


b— 4 cm. =-04 m. 


For TE lt o 



(a) Cutoff wavelength 




= 2x '06=0 12 m. 


Phase constant 

p= /i 




1168 


Hand Book of Electronics 



4w*/» 


2 


c-r 


7T 


4x(3 x 10*)* 
(3 x 10 8 ) 


(m 


a* 



100001 1 /* 
36 


(c) 


=3473 rad/met. 
Guide wavelength : 



In 


(d) Wave impedance : 


34-73 


0 181 met. 


Z 


2jt/x4tcX 10 -7 


Ey OifJL 

H x T 3473 

2-n v 3 v 1 0» y 4 - x 10-’ 

34/ 3 

=682 - 034 ohm 

27-5. CIRCULAR WAVEGUIDES : 

The method to solve the Maxwell’s equation, in order to deter- 
mine the field configuration in the circular guide, is quite similar 
to that adopted in rectangular guides. Wave equations and field 

equations for simplicity, are expressed in cylindrical co-ordinates 
and then boundary conditions are applied to obtain the final 
expression for field components. 

TM and TE Waves in Circular Guides : 

In order to determine the conditions for propagation of waves 
inside a hollow, perfectly conducting cylinder as shown in fig. 9, 
it is convenient to employ cylin- 
drical co ordinates r, <f> and z 
instead of rectangular co ordi- 
nates. The Maxwell’s equations 
may be converted into cylindri- 
cal co ordinates. 

In cylinderical co-ordinates 
in a non-conducting region, assu- 
ming like art. 27-1, that varia- 
tion of field components in z 
direction is represented by a 
factor e~ yg . Maxwell’s equations 

are Fig. 9. 
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1 dH 




+7Ht=jaHE r 


7 Hr 


8H 

dr 


-jcoeEf 


L[ 3 1® - ^-1 = /o>«&, 

r [ dr d<f> J 


( 1 ) 


0 £: 


r ' 


J r 7E f =-j^H t 


7E r 


1 [ 0 (rE t 
r L dr 


JEz 

dr 

dEr 1 

d<t> J 


jcopHf, 


jaytHc, 


The equations can be combined to give 


h 2 H, =] 




8E. 


dH z 


h z H f 


h*E r 


. r dt dr ’ 

dE t 7 dH 

>°* Tr rdf 

8Ez ju)(x dH, 


..( 2 ) 


h*E t 


dr r d(f> 

y 8E 3 , . 9#* 

F?f +JW,i IT 


where 


/i s =y l +<*>V e - 


The wave equation in cylindrical co-ordinates for E, is 


dr * 


9*£„, IVE . , 

+ r*d4> 2 8z * r & r 


2 ^£«. 


Let 


Ez=P(r) Q(<t>) e 


-ye 


£.° e 


which when substituted in above wave equation gives 






or 


1 d*P> \^dj 1 (PQ . tfr . Q 
/> </r 2 + rP t/r gr 1 W 


or 


/* e/r* rPdr 


H 




c ^ 




where n is a constant. Thus two equations are formed, viz. 


dJQ 

d<j > 2 


n*Q. 
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the solution of which is 

Q=A n cos n<f>+B n sin n<f> 9 

and equation 


££+I Jp +, h , 

dr ' r d? +lh 




Dividing this equation by A 2 , we find 

i ‘ p -+lJL+l , 

' -l ^TTTT ' I I- 


d(rh)* rh d(rh) 


n 2 
rW 


P=0, 


that°is finite 8 at terms ( r ^)- 1 J sing only the solution 

mat is unite at (rh)= 0, we write the solution 

P (rh)=J n (rh), 

where J n (rh) is Bessel function of first kind of order n. 

Therefore, we find that 

E ’°=P (r) Q (4>) 

=J n (rh) (A„ cos n<f>+Bn sin tt<f>). 

E an rf h L S n 1, I t h 0n J >f H l WiU have exact, y the same form as that °* 
L * and caQ . therefore, be written as 

...(4) 

o The var ' at .'° ns of E z and H, in the z-direction and with time 

pS<-y J C .° U D ! d lf eqi i ations (3) a 'id (4) are multiplied by a factor 
mi1o • .j ut as nave discussed previously in the case of rectan- 
£_ guid 5 s ’ y should be imaginary for transmission to occur, i.e.. 

Therefore ^ ^ waveguide case ’ we should multiply by 


...( 3 ) 


(rh) (C n cos n<f>-\-D n sin n<f>). 


E *—Jn (rh) (A n cos sin n<f>) 

and H z =J n {rh) (C n cos n<f>-\-D„ sin n<f>) e i(ut ~^K 

Further, the relative amplitudes of A„ and B n (also of C n and 
Dn) determine the orientation of the field in the guide, and for a 
circular guide and for any particular value of n, the </>= 0 axis can 
always be oriented to make either An or B n equal to zero. Let us 
choose B n (also Z>„) equal to zero, so that 

E t =J n rh) A n cos n<f> 




and #*=/« (rh) C„ cos 

27 5-1. TM WAVES IN CYLINDRICAL GUIDES : 

e £or PM waves, H % is identically zero and the wave equation 

*°r. * 13 used. Thus from equations (2), and using equation (5), 

aKing only the real part, we write expressions of fields for TM 
waves as follows : 
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E,=A n Jn(rh) cos n<f> cos (c ot -Pz) 

j n (jh) sin ruf> sin {cot 


1 


Hf 


E t 


H l r 

Ancoe 


-pz) 


h 


- (r/i) cos n<i> sin {cot— Pz) 


P 


Oi€ 








OJ€ 


H t = 0 , 


j 


...( 7 ) 


For TM wave it is necessary that E L and E+ be zero at the pipe 
wall where r=a, because of infinite conductivity ot the wall. This 
requirement, from equation (5), gives 

J n {ha)= 0, -( 8 ) 


where a is the radius of the guide. Equation (8) possesses an infinite 
number of roots but since for the propagation to be possible y is 
to be imaginary, i.e., h should be small ,/r* ^ wV £ ) or e l fie 
extremely high frequencies will be required, only first few roots cf 
eqn. (8) will be of practical interest. Few roots of J„ are given in 
the following table : 


TABLE 
Roots of J n = 0 



In the table m signifies the particular root meant. Thus 

(fo) ol = 2-40 (ha) n = 3-83 1 

{ha) 02 = 5-52 {ha) n =T02 \ 


..( 9 ) 
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The first subscript refers to the value of* and the second refers 
to m i.e., to the particular root under consideration. The various 
TM waves will be referred to as TM 0U TM n , etc., i.e., in general 

Sot exist ° bV10US that S1DCC therC iS n ° r ° 0t {ha)o °' ™°° wavcs 
Physically n is the number of cycles of variation of E. found 

asji vanes around the complete cyHnder or through 2 n radians. 

The subscript m indicates the number of zeros of electric field along 

a radial path from the centre to the inside surface of the outer 

oUluC Wfllli 

% 

Let us represent relations (9) as follows in a general form 
where T nm is a root of J n =0. Since we have 

a V(y 2 +OJ*fX€) = T nm9 

m M 

so that 


Ynm 



OJ 2 l*€ 


Ynm — j$nm — j 


C 


For propagation to occur, y nm should be imaginary, i.e., 

" It")}. 

The cut off frequency, above which transmission takes place, 
can be calculated by putting p nm =0, i.e. 

2 



w e *fxe 


f”) 


fc- 


1 


nm 


2n\Z(fjtey a 
The cutoff wavelength is 

tv 2ira 


2na * 


...( 10 ) 


^/7 


nm 


Since 2nd is the inner circumference of the outer wall of the 
guide, the cut-off wavelength is that at which the circumference is 
equal to t„, m wavelengths. 

The phase velocity is 


v 


C) 


OJ 


P™, V(o>W— “«V € > VU 


o >* /«*) 


and the group velocity is 


va -mn 


...do 


-*L- 


...( 12 ) 


dio 


27*5-2. TE WAVES IN CYLINDRICAL GUIDES : 

E. is zero. Using equations (2) along with equation (6), taking 
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only the real part, we write the expression of fields for TE waves 
as follows : 


H t 

Hr 


H, 


C„J„ ( rh ) cos tt<f> cos (cot— pz) 

3C» 

-j^ (rh) cos n<f> sin (cot— j3z) 

tifiC 

' J n (Hi) sin n<j> sin (cot-(iz) 


F J7 

H > 

F - U 

E * J H ' 

£,= 0. 


...(13) 


J 


It is known that at r—a, the H r or normal field value must be 
zero which, as we can infer from equation (13), means 

J'n (ha)= 0 . 

The derivative J' n with respect to r of the Bessel function may 
be obtained from 

8 =r. (hr)-J^ (Hr) 

and a few roots of /„'*= 0 are given in the following table. 

% 

TABLE 


Roofs J„'= 0 



The corresponding TE waves are referred to as T£ tyl ; TE n 
and so on. 


The equations for p„ m , f e , Ar, and t- f are the same as those 
obtained for TM mode except for the use of r' nm in place of r 

FIELD CONFIGURATIONS FOR TE** AND TM 

We shall show field configuration for TE 0 , 1 uiuuv, kji uve 
electric field will be completely normal to the axis of tube 
* ,e *> along the cross section. 


nm> 

MODES : 
ode. Since 
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We know that TE and TM waves propagate within hollow 
metal pipes of rectangular or circular cross section. Each of these 
waves has an axial component of the field, i.e TE has H» while 
TM has E z component of fields along the axis — the direction of 
propagation. TEM wave, for which there is no axial component 
either E or H , can not possibly propagate within a single conduc- 
tor waveguide for the reasons explained as follows : 

Suppose a TEM wave exists within a waveguide. The lines of 
magnetic field H must lie in a plane perpendicular to the direction 
of propagation i.e., in the transverse plane. Also in a non magne- 
tic material, 

V.H=0, 

which requires that the lines of H be closed loops. It means, if a 
TEM wave exists inside the guide, the lines of H will be closed 
loops in a plane perpendicular to the axis. Further from Maxwell’s 
m.m.f. relation 


(J> H.dl= j (ya>D+J)dS, 

it is obvious that the magnetomotive force around each of these 
closed loops must equal the axial current (conduction or displace- 
ment) through the loop. In the case of a “guide” with an inner 
conductor, e.g., a coaxial transmission line, the axial current 
through H loops is the conduction current in the inner conductor. 
However, for a hollow waveguide having no inner conductor, this 
axial current must be a displacement current (current arising due 
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to dielectric polarisation). But an axial displacement current 
requires an axial component of E, {D,=^E 2 ) which is not possible 
in TEM waves and hence TEM wave cannot exist in a single 

conductor. 

Characteristics of TEM 
waves : 

In order to discuss TEM 
waves, it is thus obvious that 
one should consider a ‘guide’ 
with two conductors. For the 
present discussion, let us choose 
two parallel conducting planes. 

We can easily obtain by solving 
Maxwell’s field equations for 
such a ‘guide’, the field compo- 
nents of E and H for TE as well 
as for TM waves as stated below* : 


TE waves 



E y =Ci sin { — ^ <r", 


H v = Ci cos ^ 


rj m-r „ 

tiz— — Ci cos 

jwfia 

y ~ . Irmrx 


(=?) 


rVi 


E 


yCi 

* - 
9 

JW€ 


COS 


mrrX 

a 

mrrX 


-YZ 


,-yx 


H 


Ci sin 


.-yx 


> Sp C t sin 

* ojta * \ a I 


ju)H - \ a 

We should, in above equations, put y—jfi for the range of 
frequencies in which wave propagation occurs. We note from 
above field equations that from m=0, all field components for TE 
wave become zero and therefore the lowest order TE wave is TE ll9 
wave. But we observe that for m= 0, TM wave field components 
are 

H v =C i e~ iP *, 

E„=— C x e-w, 

cue 

and thus all the field components are not zero and TM Q0 wave is 
possible. We note that when m= 0, £»=0 and also for TM wave 
H t = 0 and hence with 0, we obtain condition for such a wave 


♦For two parallel plane plates of infinite dimension in y direction, the 
direction of propagation being z, we put a/a>'=0, so that the boundary con- 
dition E ianttnt , a i= 0 at *=0 *=* will be applied to 

1 d l X 


Xdx 2 


+/t J = 0 


In solution only one constant, h, will occur. 
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which do not consist H z , as well as E z i.e., electromagnetic field is 
entirely transverse. Such a wave is called transverse electromag* 
netic wave ( TEM wave). It is a familiar type of wave propagated 
along all ordinary two conductor transmission lines when ope- 
rating in their low frequency (customary) manner. It is usually 
called a principal wave. 

We note in the case of TM or TE waves for propagation to be 
possible 


or 



For some value of w, may become zero. Let this be w e , then 



or 


f. 


m 


2a\Z(ixe) 

For frequencies greater than f t , p will have some value making 
the propagation possible, f e is called cutoff frequency. It depends 
upon a, the separation between the planes and thus propagation 
of TE and TM wave requires a condition that is imposed on the 
separation between the planes. For TEM waves, weput/M=0 
therefore 

/o = 0, 

which means that the cutoff frequencies for TEM wave is zero, 
i.e. for TEM waves, all frequencies down to zero can propagate 
along the guide (and that is why on a two conductor transmhsion 
line at which TEM wave exists, propagation at a low frequencies is 
possible). Further TEM wave propagation does not demand any 
condition to be imposed upon the separation between the plates, 
i.e., we can reduce the distance between the conductors to a cer- 
tain minimum. 

In case of TE and TM waves, velocity of propagation along 
the ‘guide* is 




CJ 


W 



t0 2 /X€ 


(?)’} 


to 


V ( ar/ic — co c 2 /xc) 

1 


VO*«)VO -fc a lP) 

Vq 

V(l-/, 3 // 2 ) 
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At frequencies/ > /, at which propagation is possible, wave 
velocity within guide is greater than » 0 , the (free space velocity. 
For TEM waves /«=0 and therefore wave velocity is equal to free 

space velocity. It means, unlike TE and TM waves, velocity of 
TEM wave is independent of frequency. 

27 7. TRANSMISSION LINE ANALOGY FOR WAVEGUIDES : 

It ean be easily shown that electric and magnetic fields of TE 
and TM waves bear an analogv with those of voltage and current 
on a suitably loaded transmission line. The analogy helps in 
drawing ‘equivalent circuits’ for the waveguides. The concept of 
a waveguide as an equivalent transmission line with a certain 
characteristic impedance and propagation constant helps a lot in 
solving several waveguide problems because with such ‘equivalent 
circuit plot , one can obtain the, solution by means of well-known 
circuit transmission line theory. 

EQUIVALENT CIRCUIT FOR TM WAVES : 

For TM wave, we should substitute H„=0 in the field eaua- 
tions : ^ 




...( 1 ) 


V x H=jajeE 

and V xE= —jutfiH j ...(b) 

Since H z = 0, 

(VxE) : =0 

r * s ’ cuid electric field in x , y plane vanishes and there- 

fore E is conservative in this plane. We can then represent E . and 
b v as a gradient of some scalar potential V i.e 

E= - d Z 

,-v 

dx 

dV r -.(2) 

a 

From equation (3) of art. 27-4 we know that, when H 2 is zero, 

rr j(D£ dE z 

H ’ = Wte -O) 

l “I"® 1 ' 0 ” : Writing .r components of equation 

1 \<t) with 0, we get 

dHv ; r 
~ = -ja»E x . 

Putting the value of E x and H v from equations (2) and (3) in 
above equations, we get ' 


a /jo* se 2 


or 


\h 2 ■ dx 

a 


. dv 
JW6 - 


a z \h* 


( j ^E,) 


J 


MV. 


The quantity yaje£, (as D t =tE z ) is the longitudinal displace- 
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ment current density, and I/** has the dimensions of an area* so 

J(V€ t, z 

/j 2 represents a current in z direction and, therefore, above 
equation is 


dh 

3 z 


jw€ V. 


**(4) 


1 (b\ we ge^ 886 e< * uat ' on : Siting y component of equation 

dE x dE z 

= —jojfj.H v . 


dz 


dx 


On putting the value of H v from equation (3), we get 

d E x 8E Z dE z 


dz 


or 


dx 

dE x 

dz 


h 2 dx 



1 


dE 2 

dx’ 


Further 


E 


dV 

dx 


so that 


_a 

dz 


dV 

dx 


or 


dV 

dz 





h 2 


1 


dE: 


dx 


txe 


or 


dV 
dz 


( 

\ h 2 
(jwn-\-- 

V 

jwH- + . 


1 E, 


h 2 


)($ 


E: 


h 8 



••(5) 

by the arrangement of equation (4), 

transrT ” ss ' on line equations taking the direction of propa- 
gation as z , are 


and 


dV 

dz 

8 1 

dz 


(R+jwL) I— — Zl 


(G+jcoC) V 


YV, 


.*•(6) 


negative sign signifies the loss of voltage and current. 

omparing equations (4) and (5) with equation (6), we find that 

e series impedance per unit length of the ‘equivalent line’ is 

Z=jojlJ. + h 2 /j(D€, ...( 7 ) 

and shunt admittance per unit length of ‘equivalent line’ is 

Y=jo)€. ...( 8 ) 


cm* as unit. 


^ ) + (~j>) ’ unit 1S thus Cm-J so that 1 /A* will have 

i tint* ' ' 
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* 


117. 


Therefore the equivalent transmission line circuit* can be 
shown as in the figure 1 2. 







Ju>€ 




Fig. 12. Equivalent transrr i'sion lire circuit 

representation for TM waves 


The cutoff frequency of this ‘equivalent circuit’ occurs when 
the series reactance equals zero. i.e. jun+h 2 ljwt=0, i.e., v/hen 
h which is same derived in the theory of TM waves. 

The characteristic impedance of this ‘equivalent transmission 
line’ will be 


z 


jm 


• • (9) 


which is equal to the wave impedance of waveguide in TM mode. 
This can be shown as follows : 

The wave impedance which is seen when looking in the direc 
tion of propagation, that is, along z axis is denoted by Z 2 . From 
the transverse field components of a TM waves in a rectangular 

waveguide, we find that 

E x Ey V(E X 2 + Ey 2 ) 


E 


iron, n 


Hy H x VlH x 2 +Hy‘) ' 

on using eq. (13) of art. 27-4. 
Therefore, 

Zt.v—Zvcc — — —Zz, 


H 


trans 


1 

cut 


(J)€ 


ie '> wave impedances looking in the z direction are equal and 
be put equal to Z s , where 

^ Efrons* 


/ 


H trans* 

Now we know that for TM case in rectangular waveguide, 

$=(cu 2 fic—h % ) 

= \/ (o> 2 /X€ — C0 0 2 /xc) 

V (co 2 fi€ — w 0 2 fie) _ 

(J)€ 


• • 


Z, 


V'O i / e )v /| l — C0 C 2 /o> 2 ). 



. * e * 3ears a relation to capacitance and p to inductance Refer to Art 
" 9 e 4- (5) and (8) C=«b/a and L^ajh. 
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Comparing it with equation (9), we find that 

Z 0 ( TM)=Z , 
as has been stated earlier. 

equivalent circuit for te WAVES : 

tions^ ^^ 8 ’ WeSh ° UldSubstitUte r ’= 0i ° ^e field equa- 

VxH=/WE 1 (a) 

and V x E = -jujuH ) ( b) 

Since E e = 0 

(V x H) s =0. 

That is, curl of magnetic field in xy plane vanishes and there- 
fore H ,s conservative in this plane. We can then renreKnt H 
and H v as a gradient of scalar magnetic potential <f> . t.e. 


...(10) 


ox 


H 


U 
dy _ 


...(H) 


Further, from eq. (3) of art. 27*4, with £*= 0, we write 

£ ___ j^H cHz 


A a 8 y . ci 2) 

we^ge" 8 * component of eq - 10 (a) and ^component of eq. 10(b), 

8Hz 8 H, 


and 


8y 

3E* 

3 z 


3 z 


■jweE; 


0 = -jw/xHt. 


(0 Current equation : 

Let us put eqs. (11) and (12) in eq. 13 (a) to get 

9 Ht 9 x - ^ dH ‘ 


13(a) 


...13(b) 


or 


or 


3 y dz\ dy 

U jJ* «V« rr 

H ‘ + dz == ~W Hg 

8 (ft / cuPfjie 


h* dy 


or 


3 z~\ A* 
8f 
3 z 


1 I H t 


( ) (# * 


...14 (a) 


line. 


V* \ jivt* j \ n- / \uj 

This equation corresponds to current equation of transmission 
(ii) Voltage equation : 

Further, putting eqs. (11) and (12) in eq. 13 (b), we get 

3 (—jcjjfx dff, \ . 

( "Firr w 


8z 


dy 


I 
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or - 


d__( juip-H , 

dz 


r 

V ) 


jajrf. 


This equation will correspond to 

transmission line. 


the voltage 


...14 ( b ) 
equation of 


The quantity * has the dimensions of voltagef and <f> has 
form' menS * OQS current tt* s ° that the equations (14) take the 


a / 

dz 

dv 

dz 

which, on cor 
that 


( h * 

l h J 


cue V 


and 


■jo>nI 


...(15) 


paring with transmission line equation (6), gives 


Z 


■JU)H 


and 


Y=joj e-f-7 


h l 


join 


...(16) 


wavpt p SiD ^.° n , ec l uat ion (16) ‘equivalent transmission line’ for TE 
waves can be plotted as shown in figure 13. 




Ju )A+ 


. X 

-r- 


JJCOAi, T 






X 

T 


Fig. 13. Equivalent transmission line circuit 

representation for TE waves. 

th. -P 1 ® cutoff frequency of this ‘equivalent circuit’ Occurs when 
ne snunt susceptance equals zero; But 


shunt susceptance 


1 


shunt reactance 


Y (since no real part in admittance) 


i .i . — v>*uvv iiv/ itai pat 

» inerefor e, for cutoff frequency, we have 

Y=0, 

tFrom equation (12) 


E 


d 

dy 




dv 

dy 



^assoew^ equation (11) #•=— fif/ax, since variation of current should 
la with magnetic field, <f> has the dimensions of current. 
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or 


or 


jute -f - 


h z 


ju>n 

h % 


0. 


a>eV 6 » 


which is same as derived in the theory of TE waves. 

The characteristic impedance of the ‘equivalent 

line is 


transmission 


Z 


jw/J. 


jooe + h*/j 



\/(/*/«) 


V(1 -cu 0 2 /a> 2 ) 


which is equal to the wave impedance of the waveguide 
mode as shown below : 


...(17) 

in TE 


The wave impedance which is seen when looking in the direc- 
tion of propagation, that is, along z-direction is denoted by Z, 
and is- given as 


Z z =Z 


x y 


z 


y * 


But for TE waves (putting £. 
we find that 


E 


tram* 


tranf 


H 

0 in equation (3) of art. 27*4), 


7 E Z CO ft 

xV ~H,-T’ 

on using equations (27) and (30) of art 27-4. 

Therefore, Z 2 = ^ 

V \OJ 2 ft€ — CO c 2 /X€) 

vW) 

VO 

Comparing with equation (17) we, thus, find that 

Z 0 (TE)=Z z , 

i e. the characteristic impedance of ‘equivalent transmission line’ 

is equal to the wave impedance for TE waves. 

In the above discussion of ‘equivalent circuit’ representation, 

we a waveguide operating in a particular mode i.e. TE 

or TM mode can be represented by an ‘equivalent transmission 
line circuit* which gives 

(a) a characteristic impedance equal to the wave impedance, 

(b) same condition for cutoff frequency, 

(c) identical voltage and current equations. 

27 8. ATTENl ATION FACTOR AND Q OF WAVEGUIDES : 

First we shall find out attenuation factor due tc imperfect 
conductors in the puide. 

While dealing with the theory of waveguides, we have 
assumed that the walls of the guide are perfectly conducting so 
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that resistance R offered by them is zero and also that dielectric 
is lossless so that G=0. With these assumptions, a condition 
w|s obtained that when y is imaginary, propagation is possible 
aifd «=0. However, whereas the dielectric with n the guide may 
be very nearly perfect (hence lossless), guide walls would certainly 
have sbme resistance. This means even above cutoff frequency, 
a, the' attenuation constant, will have some value and is, therefore, 
not zero. The attenuation factor in the range of propagation is 
given by 

_ Power lost per unit length of the wall 

— 2 x Power transmitted 


P 


lost 


2xPjrarw- 

In order to determine the 
power lost per unit length of 
the guide, we should first cal- 
culate the linear current den- 
sity in the walls. If it is | Js [, 

so that power lost per unit 
length of the guide is 


P 


lost 


1 

J surf* 



H 


tang 


da, 


where the integration is taken over the wall surface of unit length 
of the guide and R s is the actual surface resistance of the walls. 
Let us take a rectangular guide operation in TM mode. For this 
type, we have shown that 

OJiC . . 

A sin Bx cos Ay 


H° 


h; 


h* 

—a ieC 

~W~ 

-pc 


B cos Bx sin Ay 


h * 

PC 

h* 


B sin Bx sin Ay 


£*°= A sin Bx cos Ay 


In which A = ~ and B=~- Also at cutoff, /i 2 =a> c V<. 

Now H x ° is tangential to xz plane and its maximum value at 
^^ =6willbe when ™sAy=l. Therefore maximum value 

VI Ml m JS 


o_ <v«C 


h 2 


- A sin Bx 
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Similarly Hf is tangential to yz plane and its maximum value 


at or x=a is 


toeC 


rjn web . 

H B sin Ay 

we can^write^ ValUCS of tan S ential components of magnetic field 


Plosl—Rs 



0 


l 


face S T ac e .ed C u°p^ bfef/h x'huf ** ,hat " W ° 



Now we pr oceed to calculate P irans . The power passing any 

point in the guide is 

= \ (£xH *) 2 
= i (E x H t ~E v H x ) 

= 1 . B 2 cos 2 Bx sin* Ay+~~ A 1 sin 2 Bx cos* 

Poj^O 

cosi Bx sin* Ay+A* sin* cos* /4y] 

The total power transmitted may be obtained by integration 
over the cross sectional area of the guide. Thus 


P 


ir ans* 


ficoeC 2 


B 2 


cos 


2 f rrnzx 


+A 





a 

b 


j sin 2 j dx dy 



mrrx 


ab 

4~ 


COS 2 ** y \ 


.M) 


*- j — 

From equations (1) and (2), we write the attenuation factor as 

/ r^\ t r - l i 


p 


lost 


2 XP 




irons 


2x 


Po^C 


- [ -j 


“"-M- f 


2/i* 

2R s coe [/4*a+5*6] 

fiab [B*+A*] 

[Ayb+B'la] 
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Putting 


2 Rs aj£ 

pA* 

/,*=4w*/ e ¥e 

P=«V( ^)(1— / c 2 // 2 ) ,/a 





2o m 


we get 


TtiV , mV* 


*r« 


cvwu -fcVpy 2 

2rrffJ. 

2<J„ 



+ 


a 


1 — 

]‘ 4„ 2 /c s 


M e 


\ 1/2 

) - V - f 4- — 1 

(1 -/ £ 2 // 2 ) I/2 .2/>" [A 3 o s J 


(l-/ e 2 // 2 ) 1/2 U 8 a *J 


where 


1 


v 


VO 2 *) 


and Tj=\/(W e ) 


Therefore we put attenuation factor in the form 


<*TM 




\ MfthW+nW) nepers/meter. 

) 2t?/ fl 2 V( l-/o a //*> 


y \ u m / “'VO w ' « f L. 

By the same method attenuation factors for other forms o 
?uide are : 

Rectangular guide TE , 


*TB 



m,n W0//e : 

^ 2V/ 


m 


briy/{ 1 —/o 2 // 3 ) 



1 



+ 1 + 


lylindrical guide TE 





n,m : 

n/i m \ V/ 


«m 


V(t^W) [( 7) % 


6m*/an 2 -M 

ftm a /a« 2 +u/A 

* J] nepers /m. 
_ — — 1 nepers /m. 

r„, » a -«* J 


’ ylindrical guide TM n , m mode : 

TCf*n\ V/ 

a 


*TM 


1 lyJ mm • 

L n \ ^ ^oTT^r nepers/m. 

JWC -/•’//*> 


These are the expressions from which the attenuation in the 
aide due to imperfect conductors can be found. 

A plot of attenuation factors as a '““ f ,io , n ,. 7 ° J'Xmtter" 

ome modes for cylindrical copper guide of 12 7 cm. diameter is 
hown in the fig. 15. 
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6 n> eo -*? 


tea 


*#£{?. ( ft G/GAHtrfrZ 



Fig. IS. a for various modes of a Fig. 16. Attenuation in rectanguli 

cylindrical guide of copper waveguide for several 

12-7 cm. diameter. modes (a= 2", b= 1"). 

Attenuation factor as function of frequency for a rectangular 
opper waveguide for several modes is plotted in fig. 16. 

Q OF WAVEGUIDE : 

, T° t j le attenuation factor, a, another factor Q called the 
quality factor’ is closely related and is defined as 

*Q=io x ener g y sto red per u nit length 

energy lost per unit length per second ' 

We know that transmission per second of ‘energy stored per 
unit length’ gives energy transmitted per second and hence energy 

transmitted per second is 

=vx (energy stored per unit length), 

where v is the group velocity in the waveguide. 

Or energy stored per unit length 

1 

— — X power transmitted 


Q 


O) 


power transmitted 


v \ power lost per unit length 


U) 

2a.v * 


For waveguides, group velocity v and phase velocity v g in the 
guide are related as 



where v 


1 


VT"*) ’ wave velocity in free space. 


•As an analogy with circuit concept 

= —= a , L H =OJ energy stored 
R M ‘ energy lost 


Q 
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Therefore, 

* 2«V 

We find 

CO tO Vo 

9 (3 y^a rf*e — b> 2 cfit) -y/ { 1 — co^/oj*)' 

so that 


Q 


ID 


2av c y(l — co e 2 /a> 2 ) 


27 9. SINGLE-CONDUCTING-WAVEGUIDE . 

Electromagnetic waves can be guided along a bare cylindrical 
metal wire. A surface wave mode field distribution along such a 
wire is shown in fig. 17. According to Gobau. for a bare copper 
wire of 1 m.m. radius stretched in air and excited at 3000 mc/s, 
the attenuation is about 
0023 db per meter and the 
extent of field is such that 75 
percent of transmitted energy 
is convened within a circle 
18 cm. in radius. For a wire 
of 1 cm. radius the attenua- 
tion is 0 0026 db per meter 
and the radius of 75 percent 
power circle is 80 cm. The 
attenuation of 0’0026 db per 
meter compares favourably 
with that of rectangular wave- 
guide but the extent of field 
is prohibitively large, which 
can be reduced by employing 
a thin layer coating of high- 
dielectric constant material 
over the wire. 



Fig. 17. Field distribution for sur- 
face wave mode. 

+H lines going into the paper 
°H lines coming out of paper. 


27 10. CHOICE OF TYPF OF WAVEGUIDE AND OF 

WAVE GUIDE DIMENSIONS : 

It is always desired that propagation in a guide be affected by 
dominant mode without the presence of higher order modes be- 
cause dominant mode propagation has the following advantages 
over the higher order mode propagation : 

(0 It has lower power dissipation. 

(//) It requires smaller, lighter, and cheaper guiding structu- 
res at the same excitation frequency. 

(n7) It requires simple components for coupling power into 
a &d out of the guide and for impedance matching. 

The presence of higher modes will result in more power 
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1™°’ and Since cou P ,in g device is designed for dominant 

coupled to load. Though the waveguide may £ excited^ a sLle 
t"rface S U M B U h^°oS% PreS rf nCe of ^continuities in the conducting 

be propagated in both directions from the discontinuity!^ * 
f re q ue n tlv emnbwH rec T tan ? ula . r waveguide and coaxial lines ar 

gxssz s* susurazfssrt a* 

not so frequently* ^e d Theref ° re circ ' llar guides are 

for domfnTr'moi be '° W 3000 mC/s ,he d ™=nsions of the guide 
ses P r “P aga, !“ n h f 'o be quite large. This increa- 

con™fe h n t t a a"„ d d C e 0 co„ 0 oml , eafm d ie AbOVC 30 °° " 

27*11. THE TF.M WAVIT IX 


(a) Field Equations : 


the coaxial line 


in ? iscassed that jt is a special case of TM mode 

AMordmgly for all fields to be varyir~ J - *• ? - * 

z direction, we can write 

H=H° e~ rt sin cut 
E=E* e~ vx sin out 

Thfri in cylindrical co-ordinates in a non-conducting region. 
Maxwell s equations are 

1 a//; 

“ If™* 


-\-yfff = jcueEr 


7H r °- 


dHf 

dr 


1 a 

7 • 37 W) 

1 dE -\ r. 

7 3 T +rE ‘ 

8Ef 

dr 

\_d_ 

r dr 


VE r 


( rE % ) 


= juxEf 

J_ 8Hr°_ 

r d<f> ~ 

= —jouy.Hr 

= —juuyHf 
1 8E r ° 


■■ juusE, 



V 


Fig. 18. 


d<f> 


■jouyHi 


I 

J 


Since the electrostatic field will be totally radial, Ef — 0. 
Similarly the magnetic field will be in the form of closed loop 
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arcundjhe inner conductor, H r ~ 0. With E t =E f =0, and 

th ! y com P° nen ts of the field left are E r and 
rom above equations we, therefore, arrive at 

yH,°=Jaj(£ r 0 


dr 


{rHf ) = 0 


fhus 


yE r °=j a ^H/ 

?F 0 

d<f> 

H°J— E r ° 


at 


H, 


y 

Y 

Juju 


E r 


From these two equations we can then put 


JUJt 


jujp 


CU 2 /t€ 


0r y 2 =- 

® r . V=jP=ju>y/{iic) 

tln^ V S in he ,l ame ex P r ressl0n as we haVe obtained for phase cons- 

Conseauentlv t’fH ° f d,ssl P ation . less f*=0) transmission line. 
aDDroEtln r£ ,wu aVC P ro P a £ atlon in the coaxial cable can be 
U ne Wl ^ propagation on dissipationless open wire 

putting /J=0^and'got, ^ U1< ^ e ’ we have cutoff frequency by 


P 



OJ 2 fX€ 


-(?)>»• 


Simila ly here cutoff frequency is 

P=jo>cV(t l€ )=0 

° r fc = 0. 

M Jon's “™bte bJVflST*" dow " b = Propaga- 

(b) Voltage and Current Equations : 

One of the field equations is 

\ r W)=o 

^hich gives 

rj *_k 

H * ~r * 

J^here is not the functjon of r Now by Amoere * s Jaw ; f / ■ , 

d'ngcomnnneT'f" 1 ' nC !° Sed by 3 pa ' h and H * is the corr <*Pon- 
g component of instantaneous magnetic field then 
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Hdl 


* 

/ 


Suppose in the inner conductor i— I and we apply the above 
law to the circumference of the inner conductor then 


or 


2 naHf'—I 




/ 


lira ’ 

so that comparison of it with 

* 


H.° 


at r=a will give 


k 


£ 

2n 


Then the magnetic field intensity interms of inner conductor 
current will be 

Further from field equation 

yE r °=jaj^Hf, 

On putting the value of y, we get 

j(on 


Er 


ja) Vfae) 


H 





riH f °. 


Hi,rtJr h «f V t^l age d f°P f rom the inner conductor to the outer con 
value | n as XW mC may be wr,tteD interms of the maximum 


I V I 



dr 


/' 
2 nr 


V dr—T) 


|/| . b 

2k a 


Inserting propagation factor and time function, this value is 

I V I * 


so that 


~ sin wt 


8V 


~JPv Jog, ^ e~ i - 3 sin cot 


where 


2k 

, b 

"aT log « -• 


V( 


1 1 e~ J ** sin o>t 


I~\ I \ e~& sin cot. 

g/* 8 ex f >rcss * on f° r current, we can find 
5-= — yp | / J sin ut 
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/ 1 b 
V -—i. log, - 

a 

—jlr# V 


i b 

’ l08> 5 


-j2v(J)\/(fJL€) V 



€ 


) ,0 «* 5 


j 2 noj€V 

~ V 

log. 


In the article ‘Line Parameters’ of 
already been shown that 


L 


tJ 


logo - and C^= 

Z 7 w a 


transmission line, it has 


2 irt 


, b 
log.-. 


Inserting these values in the expressions for voltage and 
current derivations, we get 


and 


dV 

dz 

dl 

dz 


—jv)LI 

-joyCV 


w hich are same as we have already derived for a transmission line 
with p_g_q Thus we get identical voltage and current equa- 
tions for the two cases one for TEM mode on coaxial cable and 
the other for the wave on the dissipationless open wire line. Th- 
characteristic impedance can be calculated as 




/| . b ... t 
t] log, - e ’•* sin c at 

Ltt q 
| / | e~ u * sin cot 


/“ 

~ log* - ohms. 
2 tt a 


If we put 77 = 1 20 tt for free space, then 

~ 1 20jw . 6 . 

Z 0 = -- — loga - ohms. 

2mTT Cl 

—60 log, ^ ohms. 

(c) ATTENUATION IN THE COAXIAL LINE : 

We have already mentiontd that at r—a, the tangential mag- 
netic field is 

i- 


?.TTa 


ftnd at r^b, (for outer conductor) this value will be changed to 


1192 


Hand Book of Electronic ; 


H* 


ll 

2nb * 


Therefore current density for inner conductor 

- = J\_ 

* 2na 


J, 


H° 


and for outer conductor 


J.=Hf 


I 


Inb * 


Then at some particular point along r-axis, the average power 
entering through the surface of inner conductor will be 


i W R. 


i 


4ir*a 2 J [2a 



<*>Pm 


m 


\ watts/meter*. 


where and a n correspond to the metal of the conductor. The 
area of surface of inner conductor is 2na square meters per meter 
of length so that the power supplied to the inner conductor per 
meter of length is 


P ' 


lost 


J( 


2a 


m 


|/| 2 //«¥• m 



2 na «/ \ 2 a m 

Similarly power supplied to the outer conductor of radius b 
per meter of length is - 

^ m- 

So that the total power lost into the condw'tors per meter of 
length is 

Plot t = P ' l ot t + P * 


lost 


An 



2a 


U+s} 


watts. 


V \ ssw / % — ^ ^ 

The power transmitted past a given point in the guide is 

(E° x H°*), 

=\Er°Hf. 

Then the power transmitted over the space between the Con- 
ors per unit length is 

Ptranf — j \EfHf.2nr dr 


j * }i ,H f - 2i xr dr 
b I 7 I* 

i’ L.,. 2nr dr 
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watts. 


Therefore attenuation factor is 


P 


loti 


2 XP,r 


ans 



nepers/meter, 


2r) log 


which shows that attenuation is proportional to the square root of 
frequency. 

COMPARISON OF WAVEGUIDES AND COAXIAL LINES : 

Waveguides are used for the transmission of radio frequency 
power from one point to another. In radar, they deliver r.f. power 
from transmitter to antenna during the transmission of pulses, and 
from antenna to the receiver during the reception of echoes. These 
are most suited at frequencies in the microwave region (ultra high 
frequencies). For the transmission of radio frequency power at 
longer wavelengths, large guides would be required which is quite 
inconvenient. 


Advantages of Waveguides : 

1. They are quite simp'e in construction and no inner conduc- 
tor, as in coaxial lines, is needed. 

2. Since the electric and magnetic fields are confined to the 
sp’ce within the guides, there is a little loss of power due to radia- 
tion. 


3. Guides are normally filled with air due to which dielectric 
loss is not of any practical importance. 

4. Frrm (2) and (3) points we conclude that overall attenua- 
tion of a waveguide is lower. Moreover, ihe power lost as heat in 
the walls of a standard size waveguide is quite smali. 

5. The peak power capacity is grealer than that of coaxial 
lines. The maximum peak power than can be transmitted by a 1 
by £ in, waveguide is 1 MW. 


Disadvantages of waveguides : 

1. Its use is restricted to higher frequencies In practice, they 
are seldom employed below 3000 mc/s. The physical size of the 
guide to use below this frequency becomes quite bulky. 

2. Installation of waveguides is much more difficult than 
for other types of transmission lines. Care should be taken in 
soldering sections of the guide. 

27 12 . RESONANT CAVITIES : 


We have already discussed the use of open and short circuited 
lines as resonant circuits at high frequencies Waveguides can also 
be used as fixed or tunable resonators. Waveguide resonators are 
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ordinarily short-circuited at both ends by fixed walls or movable 
plungers. They differ from open wire or coaxial cable resonators 
in the following aspects : 

(0 they have a cut off frequency below which propagation 
does not take place, and 

(») the phase velocity of propagation is a function of the ratio 
of the frequency to the cut off freauency. 

As a result of these characteristics, the resonance wavelengths 
of waveguide resonators are not directly proportional to the reso- 
nator length, and the resonance frequencies do not approach zero 
as the resonator length is increased, but approach a limiting value 
which is equal to the cut off frequency in all but the lowest-order 
mode of resonance. 

When an excited waveguide is closed by a perfectly conduct- 
ing sheet at some point, a standing wave pattern will set up along 
the axis of propagation. The tangential electric intensity will be 
zero at the end wall closure, and also at points* half wavelength 
back along the guide (wavelength being measured along the guide 
wall and hence interms of phase velocity). If a perfectly conduct- 
ing plane is inserted at the points A/2 distant from the closure wall 
then, electric intensity being zero there, field distribution present 
between the plane and the end wall will not be disturbed, the 
exciting antenna being considered as present between the shorting 
planes. A volume or cavity is then formed which has resonant 
properties similar to those of the parallel resonant circuit since only 
definite frequencies can produce the necessary standing wave field 
conditions. The lowest resonant frequency field configuration 
corresponds to dominant mode. 

Since such a cavity has other dimensions also terminated in 
conducting planes, there is a possibility of resonance at other fre- 
quencies, depending on excitation and orientation of the cavity. 

The shape of the cavity resonator is governed by such conside- 
rations as the desired values of resonance frequency, shunt conduc- 
tance, and Q ; by the purpose for which they are to be used ; and 
by the manner in which they are to be tuned. 

RESONANT FREQUENCY OF THE CAVITY : 

We shall now proceed to find the resonant frequency of the 
cavity. We assume that there is a rectangular cavity with perfectly 
conducting walls and good dielectric, and excited in TE m „ mode. 
The initial electric fields would be (refer to rectangular wave guide 
TE mn mode field equations) : 



CA cos Bx sin Ay e'^ 1 



CB cos Ay sin Bx e~ } -* 
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ar 


09 


v , 


and free space wavelength 

3 x 10 10 
A °~6x10» = 
We know that (See ex. 4) 


5 cm 


v 


or 


V , 


\ 

A 


0 "Q 

so that wavelength within the guide is 

. 5x10 

An A 


& 


9 


50 

9 


5*55 cm. 


The cut off wavelength is given by 


A * 


_L_i 

Ao Z_ A» z 

1 


1 


(5)* (5'55) 3 

.-•04- -0324 
= •0075. 


or 


Aj** 11-52 cm. 

Therefore the breadth of the guide is given by 

A e 11-52 
' 2~~ 2 


a 


5 - 76 cm. 


Ex. 6. A 6 Gc/s signal is being propagated in a waveguide. The 
breadth of the guide is 6 cm. Calculate the characteristic wave 
impedance of this rectangula r waveguide for the first two TE„ >0 
modes. 

Refer to art. 27-7, we have obtained an expression of wave 
impedance of waveguide operating in TE mode as given by 

_ t/fuM 120ir 

JLdZ - 


v'd-weV®*) "V(i -V/V) 


space wavelength 

3x 10 10 

An = 


6 x 10 9 


5 cm. 


Cut oflf wavelength 


Ac 


2 a 2x6 




/w 


(/) Z, for TE U o 


5 cm. 
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\ 2x6 n 

A 0 = — — =12 cm. 


1 


Z 


120tt 


120x3-14 


V{l-(5/12) 2 } 



1 


25 


144 
414*49 ohn 


(//) Z* for TE 2 , o 


A 


2x6 

2 


6 cm. 


Z 


120x3-14 

V{l-(5/6) 2 } 


681-65 oh 


Ex 7. A waveguide has an internal breadth equal to 4 cm. and 
carries the dominant mode. If the characteristic wave impedance is 
500 ohm. Calculate the frequency. 


Cut off wavelength is 


A 


2 a 2x4 


m 


1 


8 c 


Further wave impedance is given by 

120 ~ 


Z, 


or 


or 


1 


500 

V 

64 


vu.-v/v) 

120x3-14 
VU -a 0 764) 
120x3-14 \* 
500 


0-56791 


^ 0 =8x VO- 0-56791) 

=5-258 cm. 

Therefore corresponding frequency of the wave will be 


V 


v a 3x1 0 1 ® 


_0 
An 


5-258 


5-70x10® c/s 


=5-7 Gc/s. 

Ex. 8. Calculate the cut off wavelength, and the guide wave- 
length of a circular waveguide whose internal radius is 2'5 cm. and 
operates at 9 Gels signal propagating in TM n mode. 

Refer to art. 27*5-1. It is given there in the table that 


nm 


<ha) n 

and cut off wavelength is 


3-83 


fA 


2 ira 


nm 
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Where a is the internal radius of the guide. Therefore for 
iM n mode, 

, 2x3i4x2 - 5 

6 3-83 

=4 1 cm. 

Guide wavelength is given by 

A 


1. 


2 . 


3. 


4. 


5. 


6 . 


7 . 


A 


' VU-V/V) 

3-33 



1 


5-70 c 





3 x 10 10 
9x 10 9 


two parallel conduct- 
velocity, ( b ) cut off 


EXERCISES AND PROBLEMS 

Discuss TE and TM wave propagation between 
ing planes. Obtain expressions for (a) group 
frequency. 

Obtain expression for the attenuation factor in case of TE and TM 

mode propagation between conducting planes and show their variation 
with frequency. 

Discuss TE V 0 mode propagation of the wave in a rectangular guide. 
Obtain field component expressions and sketch the field configuration. 
Obtain expressions for TE or TM mode propagation of the wave in 
cylindrical waveguides. 

Deduce expression for the attenuation factor in the case of wave pro- 
pagation within a rectangular guide operating in TM mode. Show that 
Q of the waveguide is 


Q 


CO 


2 olv q y(l—(O c 2 /co 2 ) 9 

where the symbols have their usual meaning. 

Let / c be the cut off frequency of the propagating mode inside rectan- 
gular waveguide and let /(> f c ) be the frequency of operation. The 
wavelengths corresponding to/ and f c in an unbounded medium having 

the same constituent parameters as that enclosed by the walls of the 
waveguide are denoted by X and X„ respectively. Let X* be the wave- 
length inside the guide. Then shows that 

1 1 1 

+ 


A , 2 


Ac 2 


A 2 ' 


Discuss how the waveguide section can be used as resonant cavity. 
Obtain the expressions for (a) resonant frequency and (6) Q of the reso- 
nant cavity. 
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8. Discuss the wave propagation along a coaxial line and discuss how the 
attenuation varies with frequency. 

9. Obtain the expressions for the field vectors, cut off wavelength and the 
characteristic wave impedance in the case of TE 10 mode. Explain how 

these waveguides are employed in microwave work. 

10. Show that the propagation of TEM wave is not possible in a single 

conductor wave guide. Discuss the characteristic of TEM wave pro- 
pagating between two parallel conducting planes. 

11. Give the theory of propagation of microwaves between two parallel 
conducting planes. Considering the TE^ mode, show that cut off wave- 
length A 0 =2 ajm where a is the separation between the planes. 



h 


28 


antenna 


Transmission line, as discussed previously, is a device to 
transmit radio frequency energy from the transmitter to a radiator 
usually known as ‘antenna’. The transference of energy for radio 

communication is affected by the propagation of elec romagnetic 

Waves rep,escnt the electrical energy that h.is escaped 
currents! ° ^ lr ° m a C ° nductcr ca,r > ifl g high frequency 

It may be mentioned here that for effective radiation from m 

antenna system frequency used should be high enough becauq- 

power propagated into space by an electromagnetic wave is given 
by the Poyntir.g vector b vep 

P=L x H. 

As we shall snow that magnitud of E and H are direcdv 
proportional to frequency / (or inverse/ to wavelength A) magni- 
tude of energy vector P will be proportional to/, Hence hiph~ 
frequency waves will have high energy content. That is whv thev 
are useful for leng distance communication. In free space though 
all elec romagnetic waves, whether of low or high frequency S 

contcnt' V,,h the ' el ° City ° f ligl " bUt ,hey Wi “ differ i” energy 

The radio frequency, energy corresponding to the intelligence 
to be transmitted, is fed to a transmitting antenna. The r f 
currents, as a result of applied r.f. electrical energy, flow along the 
length of the antenna. A portion of the energy, fed to it, is relea- 
sed or radiated into space as electromagnetic waves which then 
ravel with the velocity of light. At the receiver, energy is abs- 
tracted from the wave by the receiving antenna. The transmission 
ana reception of electromagnetic waves used for radio communi 

evlT J a - rr ’ therefore ’ accomplished by radiators and collectors 
xposed m space. These radiators and collectors are named as 

ransmittme and receiving antennas respectively. An antenna is 

evice composed of a system of ore or more linear conductors 
e electrical dimensions of which vary from a fraction to several 
velength. used to couple a high frequency a.c. generator o- 

ec e , ver t0 space. j n this section of the chapter, we shall discuss 

transmitting antennas in detail. CUSS 

ing steps ^ Udjf ° f antenna shou,d be divided according to follow- 

(0 How the energy is released from an antenna ? 
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(ii) What are the factors that concern with the radiation 
efficiency of an antenna (radiation and loss resistances, radiated 
power, mutual coupling, and ground effect etc.) 

(Hi) Design of an antenna system or of an antenna for the use 
at different frequencies and for the purpose of greater directivity. 

28 1. ANTENNA ACTION : 

We have written above that an antenna is a current carrying 
conductor. If we take a length, much smaller than the wavleengrh 
of the radio frequency wave in operation, of this conductor then it is 
called a current element. It can be seen that the electric field of 
the alternating current element contains the terms that correspond 
to the field of an oscillating electric dipole. It is not merely by 
coincidence but we shall show that a current element can, infact, be 
approximated with an oscillating electric dipole. 

An electric dipole is formed of a pair of charges of equal 
magnitude and of opposite signs as shown in fig 1 ( b ). Its dipole 
moment is jt=qd\, For oscillating electric dipole, we should have 
q—q 0 e ,wt . Then moment of such a dipole would be 

p = qd\=q 0 e iut d\. 

Such an electric dipole whose moment is a sinusoidal function of 
time, can be made up of a pair of conductors of finite capacitance, 
such as spheres or plates, joined by a thin wire of negligible capa- 
citance. The charges will then be situated mostly on the electrodes, 
but can still flow from one to the other. 

Suppose /(=/„ cos mt) is the current across the element. 
Equation of continuity (or conservation of charge) requires that 
there be an accumulation of charge at the ends of the element, and 
is given by 

dq , 

-f=I cos oit. 

dt 

That is, charge at one end of the element is increasing and at the 
other end decreasing, by the amount of the current flow (coulombs 
per second). This requires as if there be charge accumulating devices 
at the two ends of the element, one transferring charge to the other. 
Therefore, in order to obtain a physical approximation of an 
isolated current element, one can terminate the current element in 
two small spheres or discs on which the charge can accumulate. If 
the wire is very thin compared with the radius of the spheres, then 
its distributed capacitance would be negligible as compared with 
the capacitance between the spheres, and then the currert in the 
wire will be uniform. Also, the radii of the spheres should be 
small compared with d\, and their distance apart. We find that 
the picture corresponds to that of an oscillating electric dipole as 
discussed above. The current element will look like as shown in 
fig. 1 (a). 
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Fig. 1(a) Current 
element as an elec- 
tric dipole (Her- 
tzian dipole). 


Fig. 1 (b) Electric dipole. 
Two opposite and equal 
charges separated by a 
small distance. 


Fig 1 (c) 

chain of 
Hertzian 

dipoles. 


Fig. 1 (d) Current 
and charge distri- 
bution on a linear 
anenna. 
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A current element which is not so short, say A/4 long, can be 
thought as made up of a chain of Hertzian d.po es We note 
that positive charge at one end of one dipole is just cancelled by 
an equal amount of negative charge at the opposite end 
adjacent dipole (fig. lc). However, if the current al ° n f ^ 
tenna is not uniform along its length but is distributed as shown 
in fig. 1 (d), then antenna can be represented as a chain of current 

elements or Hertzian dipoles having 
slightly different amplitudes. In this 
case the adjacent charges do not com- 
pletely cancel, and there is an accu- 
mulation of charge on the surface of 

the wire as shown in fig. 1 ( d ). 

In fig. 1 (a), we represented 

current element as an electic dipole. 

At high frequencies to which the 
antenna is put, the wire connecting 
the plates will have a certain amount 
of self inductance. Therefore, we 
correctly represent a current element 
as shown in fig. 1 (e). It is fed by a Fig. 1 (e) Representation of 
balanced transmission line, as shown. antenna system. 

It is assumed that the transmission line does not radiate and there- 
fore, its presence will be disregarded. Radiation from the end 
plates is also considered to be negligible. Taking this representa- 
tion, wc shall now proceed to explain that how the energy is 
released from a current element— the antenna action. 

Now we shall consider what changes in the field occur during 


30CtfC£ 


\' 


9 





J 20 SU— — ' Hand Book of Electronics 

one cyele of applied e.m.f. and how the electric field is distributed 
around such an aerial.* 



^ ^ ic energy from an antenna system. 

Consider that the cycle starts when the condenser is charged to 
maximum potential difference, so that the upper plate is positive 
with respect to the lower plate. The current in the wire is zero. 
At this instant, the field in the vicinity of antenna may be regarded 
as purely electric. The lines of this electric stress, connecting the 
positive charge on the upper plate to its opposite number negative 
charge on the lower plate, can be shown as in fig. 2 (a) 

After the passage of the moment of maximum potential 
difference, the electrons start to flow upwards, constituting a 
current. The electric field begins to collapse which is obvious from 
the ends of the lines of force coming together along the wire in 
fig. 2 (6). Due to electric inertia, the current continues to flow 
even after the potential difference across the condenser is reduced to 
zero*. As a result the condenser starts to charge in opposite 
direction. This will set a new electric field between the plates. 
If the initial electric field lags on the changes in the potential which 
causes it , then this new electric field will start to build up before the 
first one has disappeared. As a result, the first disturbance is 
repulsed outward in the form of closed loops by the new electric 
field as shown in fig. 2 (c) because the lines of force have the same 
direction in the inner surface of initial field and the outer surface 
of the new electric field. 

la addition to the electric field, the changes which are shown 

in fig. 2, we must regard the circuit as being surrounded by rings 

of changing magnetic stress in a direction normal to the direction 

of electric field (space quadrature). The intensity of this magnetic 

stress at any point will vary with the current strength and its 
direction alternates. 

... analogy can be had easily by the mechanism of generation of 

oscillation in parallel LC circuit. * 

t V= V 0 sin cot 

I— (CV) — Co>Vq cos cot 

So when V is zero I is not zero. 


My 


'Intenna 
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cKTcfidS'hch^' ma8ne,ic field is pru 

associated 8 w?th it ThefefoJe ihr^ d mUSt ha , Ve a magnetic ^eld 
loops becomes con tin eemnn’t movenient ofth e detached closed 
netic fields These efectnV h C associat,on of electric and mag- 

the other i ,f ° nc is Zerc ’ thc nsomust 

fields , but essential snlcc olT", quadratu re hetWeen radiative 

although at right 7„ S n a ? ,n ,he tin ? c P ha . se with each other 
be pointed out here that induct SS S ^°- Vn r * n figure 3. It mav 

wen as in “ 



aaesc 

0£ P&0PAGA770# 


HF/£LO 


F ‘ S ' 3 ‘ Pl* tri bution of field densities with distance along the 

p. direction of propagation. 

distant alonMhadfr^ 111 ' ? is,rlbulion of field intensities with 
A a ng the direction of propagation. 

influence of ate'rnitL^TTh periodica,, >'’ under the 

a substantial amount of P nT' f ’’ - he f elds expand and contract, and 
It the antenna is fed wither re r eased as electromagnetic waves, 
then the current will h ,u d ‘° frec l uenc y energy (carrier wave), 

'°«nh, and ho r *„S»K'“ " 3 IS™* F£ 

0 p«^ , ^ , SSS^t{iS5 i 7* an idta of ,hc way in " bich 

«. of,he energy ° ccurs 

?? Ouanturrffirfe^When^a^radirt 11 ^ 111011113 Ca ” als0 be “"d're'dod 

of the P'anetary elec P ?on?nf /h h a f ntenna c,rcuit , then the orbits 
of ,h ’"' a " 
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the central nucleus of the atom. Corresponding to each electron 
knocked into a new orbit, a quantum of energy is radiated, which 
then propagates with the velocity of 1,86,000 miles/sec. 

28 2. SHORT ELECTRIC DOUBLET : 

A short linear conductor is often called a short doublet*. 
Since any linear antenna can be considered as consisting of a large 
number of very short conductors in series, it will be therefore use- 
ful to study first the radiation properties of short conductors. 

(a) Radiative field strengths doe 
to short doublet : A complete discuss- 
ion will be given in art. 28*3. Here 
we shall calculate the radiative mag- 
netic field strength at a point P due 
to short doublet. Let the length of 
the doublet be dl, that is short as 
compared with wavelength A. We 
assume that the capacitance associa- 
ted with each end of the doublet, is 
such that the current through its 
length everywhere has the same 
value I. 

The potential at a point distant 
r from the centre of the doublet can 



Fig. 4. Short doublet length dl 

carrying a current I. 


be represented in the form 

, . 1 dl sin 0 
dA = - 


• • • 


!) 


§ r 

The magnetic field strength due to doublet can be found by 
differentiating (1) with respect to r, i.e., 

d 


dH 


dr 


( dA ). 


...( 2 ) 


The current at any instant in the doublet is given by 

/=/„ sin tof. . 

Since a disturbance originated at O on the doublet at the time 
t will arrive at point P at a time r/c seconds later where c is the 
velocity of light, the potential at P can be expressed as 

. , l n sin co ( t — r/c ) dl sin 6 

a A — ' • 


have 


Substituting this value of potential in equation (2), we should 


dH 



I n sin to (t — rlc) d! sin 9 


f 0 dl sin 6 


•J 

sin oj ( t-r/c ) , cu cos co (t—r/c) 


+ 


rc 


.(3) 
This 


In equation (3) the first term gives the induction field. 

•A doublet consis'.s ol a length of conductor (antenna) short compared 
with a wavelength, and capacity areas associated with its ends are so large as 
to keep the current same at every point of the conductor. 
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term represents the energy stored in the magnetic field surrounding 
the conductor. This energy is alternately stored in the field and 
returned to the source during each half cycle. The induction field 
diminishes as the square of the distance and is only appreciable in 

the vicinity of the conductor. Therefore for transmission purposes 
we do not consider this field. * 

The second term, called the radiation field, can be represented 
by the expression 

jjj _ 7 0 dl sin 6 a> cos w ( t — r/c) 

rc 


2n L dl sin 6 


cos to t 


j in c.g.s. system of units. 


Ar \ c 

In the above expression current is in ab amperes or in e.m.u. 
while dl, A and rare in centimeters. Expressing current in amperes, 
the radiative magnetic field in e.m.u. is given by the expression, 


dH= 


0'2nl 0 dl sin 6 


Ar 


COS OJ 


or in M.K..S. system of units 


(-i) 


oersted 




, u / 0 dl sin 9 

clH ~ 2*r — cos uj{t--r/c) amp. turn/meter. 

Note that this magnetic field is maximum when current is mini- 
mum. We have also interpreted in previous article that when 
current is minimum, electrostatic field is maximum. This implies 
that radiative magnetic field, H and electrostatic field, E, both are 
maximum at the same instant i.e. no time quadrature. 

The unit may be amp. turn/meter or amp. turn/cm. depending 
upon whether dl, A and r are measured in meters or in centimeters. 

Associated with this radiative magnetic field, there is an equi- 
valent electroslatic field dE in time phase with it. In m.k.s. system 
of units ; 


/ 0 sin 8 


2A r 


- cos u>(t — r/c) amper turn/meter. 


The corresponding electric field will be 

dE=V(Vol e o) dH=m dH= 120tt dH, 

Then 6 ^ ° ^ 6 ° are the free SpaCe P ermeabi,it y an d permittivity. 


c i or' /o dl sin 9 
a£ = 12(V. — cos aj(t — r/c ) 

60ti/ o dl sin 6 . 

= ' jp XCOS co(t — r/c) volt. /meter 

as a fHt I ' 0We ^ atter " : The pI S? of power densit y dP of the field 
system -?i° n of depend ? nt . co-ordinates in a particular co-ordinate 
ystem is termed as radiation pattern of the radiating el-ment 


...(5) 
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The power density dP=dE dH=(dE) 2 / I20n [since in m.k.s. system 
dE—l20n dH ] and therefore, a plot of antenna pattern in terms of 
dP will convey the same information as a plot of the magnitude of 
dE. When the radiation is expressed as field strength, E volt per 
meter, the radiation pattern is a field strength pattern. If the radi- 
ation in a given direction is expressed interms of power per unit 
solid angle, the resulting pattern is a power pattern. A power 
pattern is proportional to the square of the field strength pattern. 

Consider that an elemental dipole or doublet is located at the 
centre of a spherical co-ordinate system. Then dP will be the func- 
tion of the co-ordinates r, 6 and <j>. If we want to determine power 
through the surface of a sphere at so ne fixed distance r, then dP 
will be a function of 6 and <f>. Since dP=dE 2 i311 , the measurement 
of electric field intensity over the surface of a sph.re at some fixed 
distance r will also determine ihe radiation p.ttern. 

From equations (4) and (5) it is obvious that df=dE dH is a 
function of r and 0 and hence independent of third co-ordinate <f>. 
The plot will be as shown in fig. 5. In XZ plane, since varies, 
pattern varies with different values of r and 6 but in YZ plane, 
pattern is symmetrical since dP is independent of <f>. 

Figure 5 represents the radiation pattern of an elementary 
doublet. 



Fig. 5. Direciionali pattern of doublet antenna. 

fc) Radiation resistance and radiated power 
for short electric doublet : The power radiated 
by a doublet can be calculated by assuming it 
to be placed at the centre of a large sphere, 
the surface of which will be penetrated conti- 
nuously by the outgoing moving fields. It has 
been assumed that the doublet is radiating as 
a point source located at the centre O so that 
it radiates uniformly in all directions and there 
is complete absence of anv directional field g Power calcu- 

pattern. lation radiated by 

From Poynting’s theorem, the mean doublet of length dl. 
energy crossing unit area at a point A , in m.k .s. system of units, is 
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=EH watts/sq. metre. 

= 120-- H 2 watts/sq. metre. 

= 120^ H 2 watts/sq. cm. 

• . * r (provided d/, A and r are in cms.) 

. . Mean rate of energy flow through unit area at A 

= 120;: ( h 2 ) 

= 120^ x | 7 o <# sin A cos o>(/-r/c) l 2 

watts/sq. cm. 


V dl 2 sin* 9 , 

- 5U7t Jifi X cos 2 w(t 

, n 7„ a dl 2 sin 2 9 

30 " w — Xh 


r/c) 


sphere™!! be™ °' fl0W “” al or power thr0 “« h 


30^ X 


V dl 2 


•Vtf 


A 2 r 2 
30. rrl 0 2 .dl 2 


A 2 /- 2 

40» 2 ./ 0 2 dl* 

A 2 


X$x2 [ 2wr 2 sin 3 0 

J o 


x2zir*xi 


watts. 


X W- watts . 

which are Slate“by' he ValUe ° f i0 P ' aC '‘ of '» 

/o J 

dpJ ™l\ T " d l' watts. 

slmrf (d i^ R u, diation Res, ? tance ; If the radiation resistance of the 
be exp d ressed t a s ntenna 1S denoted by then P ower ^diated can 

dP=P r . m .,. dR ...(7) 

Equating eqs. (7) and (8), we find that 


then 


<fl?=80jr 8 


dl '2 
A 


ohms 


doubTeUmenna XPreSSi0 ° 8 ‘ VeS the radiation resistance of a short 


If 


If 


dl 1 , 

then dR— 7*9 ohms 

dl 1 

A “ 100 


, then dR= 0-08 ohm. 
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Thus the radiation resistance of a short doublet is small. In 
developing all the above relations for short doublet it has been 
assumed that A dl. This made it possible to neglect the phase 
difference of field contribution from different parts of the doublet. 

28-3. RADIATION FROM A CURRENT ELEMENT : 


In art. 28*2 we have discussed it which we are again taking 
up here. 

Let us consider a thin element of length /, area of cross-section 
da and carrying the current /. Then the magnetic vector potential 
developed at a point distant r from the element will be 


A 


J dv 
4 nr 


where J is the current density throughout 
space permeability. The total current, 
lergth dl will be 


.. (1) 

the volume dv, n is free 
/, in the thin element of 


But 


so that 


or 


m 

l 

do 

i 

idi 


Therefore fro 


A 


J da, 
da dl, 

J- 
J dl 

J dv. 

equation (1), we get 

ndi 

11 J 4nr' 


...( 2 ) 


Integration of above equation implies that the potentials due 
to various elements of current i dl must be summed up. Since the 
velocity of propagation is finite, any disturbance originated at 
current element will reach a point distant r meters from the ele- 
ment after r/c seconds, where c is the velocity of light with which 
the electromagnetic radiation propagates. Therefore, if the current 
in element is sinusoidal 


i=I 0 sin ait, 

it should be written as 

i=I 0 sin c o(t — r/c), 

for the reasons stated above. The expression (2) can then be 
expressed as 


A=n 


/„ sin w (t—rlc) A\ 
4nr 



Fig. 7 (a) illustrates the element of current of length dl at the 
origin with spherical co-ordinates r, 0 and 4>. Though if we follow 
the convention used in art. 28*2, we must write quantities for smal 
element of ength dl by dA for magnetic vector potential, d H tor 
magnetic field and dE for electric field but here it will complica e 
the analysis and therefore we shall denote them by A, H and E even 


Antenna 


1215 


canijewritten'as ^ “ elemem ' equati<ra (3) d i rec t i on 

__I 0 sin o) ( t—r/c ) dl 

— — k .. - - 


A 


4n r 


...(4) 


I II # 

Snint US p !?• th . e d j rectio L n of curre nt producing vector potential at 
point P distant r from the origin O. 

1PtPi5 a ! CU ' ati0n ° f Radiative Magnetic field : Since A is comp- 
•letely along >>-axis, y 

A x =Az=0. 

SO that from B= M H=VxA 

we get 


t*Hx=- 

l*Hy = 0 


dAy_ 'I 

dz I 


y-H. 


dAy 


I 


...(5) 


8x j 

They give the components of magnetic field, 
rrom fig. 7 (a) it can be seen that 

r=(x 2 +y i +z 2 ) 1 i 2 

x=r sin & sin 4> 
y=r cos d 

z=r sin 6 cos </> _ 

From equations (4), (5) and (6), we have 


...(6) 


nH x 




a 

dz 


sin at 


4 n v {X 2 + y 2 + z 2 ) 


J 


dl [=il ^+/+r-)-»x2z x/t sin 

L 


a> 


+ 4^/{x 2 +y 2 +z 2 ) XCOSO) 


t 


V (X 2 + y* + z 2 )\ 

c i 

V(x 2 +y 2 +z 2 ) 

c 

— k (cd/c) 2 z 


or H 



Z • / , , OiZ 

sir* 'o ( t—r c ) 9 cos a> 

cr 2 


•••(7) 


__ \/{x*+y*^-zd) 

dl /„ 

4^ I r 3 

Similarly, from equations (4), (5) and (6) we can write 

U/ r 

471 


V V-- I 

(r-r/c)l 




sin a) ( t—r/c )— ^ cos a> (/ 


cr 


...( 8 ) 

Pcndicula^t? 2 ! 16 th f same Plane, horizontal here, and are per- 
The onlv «ri° Ca f b ot her. Angle in this plane is denoted by </>. 

cos (ft— H z sin </> (see fig. 7-b) 8 $ 

Cutting in equations (7) and (8), the value 
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2 . 

— =sin 8 cos <f> and — = sin 6 sin <b 

r r 


w 

and then substituting the values of H x and H z in equation (9), 
we get 

cos 2 <f> . , , „ & sin 8 cos* 6 N 

2 r sin oj ( t-r/c)-\ — cos a >(t—r/c) 


H. 


1 0 dl fsinj 

4rr [ r 


cr 


sin 8 sin 2 <f> . , . . w sin 6 sin* 6 . ,, 

H rs — sin oj ( t—r/c )H — cos w ( t-r/c ) 


cr 


or 


H. 


* 


In sin 8 dl f sin a> (t — r/c) , oj 


1 T 


-f — cos oj (t - r/c) 
cr 


The first term represents induction field and is not appreciable 
at large distances from the element for it varies as l/r*. For comm- 
unication over long distance only the second term is important and 
is called radiative magnetic field. Therefore 


„ /„ sin 0 di oj . 

H *= — 4 ^ • — . cos oj(t—r/c) 


..( 10 ) 


y 

* 


Xr 



X 



Fig. 7 (a) F>8- 7 ( b ) 

Calculation of Radiative Electric field : The expression for 
corresponding electric field can be derived on using Maxwell s 

field equations with the following conditions : . 

(/) Since i7*=0, magnetic field lies purley in the horizontal 

plane. So that 

H,=H r = 0 

and only H+ exists. 

(/) Field is symmetrical around current element in XZ plane 
(horizontal plane), so that 


3 
d6 


0 . 


Then from Maxwell’s field equations, we can arrive at 
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and 


dE r 

dt 

a E e 


1 

' d 

r sin 9 

do 


(H 4 sin 0) 


1 f a 


(r//+) 


...(H) 

...( 12 ) 


dt r [0r 

because electric field will be purely in vertical plane by virtue of 
H t and H r being zero, e is the free space permittivity. 

From equations (10) and (1 1), we get 

a e t i r a f / 0 di sin 1 d w 

laTl 


or 


dt 

?E r 


r sin 6 [_a0 
2 L dl cos 9 (o 


4rr 


COS CO 


COS (Jj t 


f)H 


r 

c 


dt 4ji€ cr a 

Integrating it with respect to time, 

r I 0 i dl cos 9 sin a) (t—r/c) 
r * cr 2 

Since it varies as 1/r*, this corresponds to induction magnetic 
field and is appreciable only in the vicinity of the element. There- 
fore, for radiation to be elfective at far distances, this field is of 
least importance. Consequently, we neglect E r . 

Further from equation (12), we have 


or 


8E, 

dt 

a E t 


r. 


1 A 

r dr 
I 0 dl sin# 


la dl sin# 


4t7 


O) 

— .cos Ct> 
cr 


H)1 


co 


sin cj I t 


dt 47i€ c 2 r V c 

ng above expression with respect 



E. 


I Q co dl sin 0 cos co (t — r/c) 


4rc€ 


c*r 


...(13) 


As it varies as 1/r, E, corresponds to radiative magnetic field and 
is appreciable over large distances. This can be termed as radiative 
electric field . 

Intrinsic impedance of space: If we compare equation (10) 
and (1 3), we can arrive at the conclusion that there is no time 
quadrature between H 4 and E a . Of course, they maintain the space 

quadrature. Also 

1 

H+~c< 

12077- ohms 


e.l/VO*) 



and is known as the intrinsic impedance of the free space. 



28 ' 4 - THIN LINEAR ANTENNA (Approximate analysis) : 
(•) Current and Voltage Distribution : 
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5 > _ e r .™ ade of a Iar S e number of very short conductors connected in 

aeries. 


In fig. (8-1) an aerial having length equal to A/2 is shown 



t 

I 
I 

* 


!} 
I f 
I 
» 


'"Potential 


ftinsmisyon 

Ltnc 


Linear j 
On ten no 


J 1 ■ 

Transmission 
Line 


i 


l- v, 

l 

/f 

* 

(O 


w 


|^6/rrem 


Fig. 8-1. Hertz aerial half wave dipole) and distribution of potential 

and current in it. 

„ r « The ^ ends ° f the aerial are at opposite potentials. The 
r t. energy from the transmitter through transmission line is fed 
at its centre. Such a conductor, supported on insulators so as to 

& rounc *» w, h have self inductance and self capa- 
mtance depending upon its length. At the open ends the current 

e zero, i.e. current nodes exist at these ends For antenna to 
symmetrical and excited in basic mode, the current maximum 

; antmode) should exist at its centre. The potential and current 
distribution in half wave dipole antenna is shown in fig. (8-1). 

The current and voltage distributions on open ended long 
antenna wires are basically similar to the standing waves of 
current and voltage on an open ended two wire transmission 



Fig 8-2. (b) 

line. Refer to art. 28’3 case (ii). For example, let us consider 

a Imlf w.tye long °p en circuited transmission line [fig. 8 2 (a)]. 

We give a turn to A and BB' portion of the line so as to 
assume the shane chnwn in fin tu\ r\u* iiAiirKr if 
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a halfwave antenna fed with quarter wave line. Therefore, voltage 

and current distribution for half wave open circuited transmission 

line will be applicable to a half wave antenna. 

Similarly, we can predict the voltage and current distributions 

on antenna of any length. 

By this analogy, we get only approximate description of 
sinusoidal distributions of voltage and current on the antenna, in 
fact antenna wires are not equivalent to a uniform transmission 
line because the radiation resistance as well as any actual resistance 
in the antenna wire results in a small component of current that is 
in phase with the voltage, ra.her than 90° out of phase which 
happens in case of uniform transmission line. But it has been found 
experimentally that the current distribution is almost sinusoidal 
for linear antennas that are quite thin compared to their length. 

(b) Radiation Length (effective length) of Linear Antenna : 
In the previous deductions for short electric doublet, it was assu- 
med that current through the doublet is uniform and given by 

/=/ sin cot at time t over the whole length of the doubet. I his 
assumption, however cannot be made for the dipole aeiial having 
length /, close to wavelength order, e.g., quarter wave or halfwave 

dipole. 

If for a moment we assume that the amplitude of oscillatory 
current is same at all point in the radiating wire (antenna), then 
the expression for the radiative magnetic field H can be written as 



cos (O 


( 




The above relation is not true because it is based on the 
assumption that amplitude and phase of oscillatory current is same 
at all points in the antenna which is not the case in practice as can 
be seen from current distribution given in figure 8-1 (c). The 
current distribution from the centre to the upper end may be either 
approximately (a) linear, or ( b ) sinusoidal. The effect reduces the 
amount of power radiated and makes t'le aerial equivalent to a shor- 
ter one with the same current. ‘The ac'ual length of equivalent 
shorter aerial’ may easily be assessed by finding the ‘mean value 
of current over the length concerned and then expression (I) should 
be written as 



/«« / sin 0 

2 \V " 



Case (a) Linear distribution of current along the length of 
aerial : It is obvious that the ‘equivalent length’ or radiation 

length, will be - because the mean value of current is , i.e. 

2 

in a/iiio 1 1 ATI 


TMlttino 1 
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I H 


l sin 9 7 0 

2A 7~T 

I 0 sin 9 l 
2A r *2 

I 0 sin 0 


2A r ...(3) 

where l e is the effective length of the antenna. 

Case ( b ) When current distribution is sinusoidal : 

Referring to figure (8-1), the current is zero at each end and 
has an instantaneous maximum value at the centre, 7 0 , at a time t; 
while the distribution over either half of the antenna length is 

represented by 7 0 sin ^ giving instantaneous current at a 

point distant x from the end ; x lies between 0 and The mean 
value of this current over half the length of aerial is 


I. 


sin 4> d<f> 


I 


at 


it/2 


dj> 



cos 



w/2 


2L 


IT 


where 


( 7/2)2* 


Thus, for this case, expression for 

\ u \ ^ sin $ 21 q 


77 1 can be written as 


where /, 


2 /. 


7 0 sin 6 
2 Ar 


.7, 


C > 


..-(4) 


7 r 


is the effective length of the aerial. 


Now, on applying the average value of current, we shall show 
that how the expressions of power radiated and radiation resistance 
of doublet antenna can be made to suit the case of an antenna with 
sinusoidal current distribution. 

(c) Total power radiated (by the linear antenna) : For short 
doublet it was shown that total radiated power is 

40tt z I 2 

° dl 2 watts. 

On the basis of above expression, the total power P radiated 
by doublet of length /, when the current distribution is sinusoidal 

can be obtained by substituting dl = — , the effective length* 
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Therefore, P 


40772 V 

A 2 

160/ a / 0 2 

A* 



watts. 


Putting 7 0 in terms of / r . m .,., the r.m.s. value of current, we 

60/ 2 . 


should have P 


watts. 


A 2 ...(5) 

(d) Radiation Resistance (of thin linear antenna) : It ts the 
resistance which when inserted in series with antenna will consume 
the same amount of power as is actually radiated. Its magnitude 
depends upon the configuration of antenna and upon the point at 
which it is considered as being inserted in the antenna system. We 
always calculate the radiation resistance at a point of current maxi- 
mum (at current antinode) at which the antenna may be fed. Radia- 
tion resistance R can be expiessed as the ratio of the power P , 
radiated by antenna to the current flowing, i.e., 

*= p 


r ‘m»s 


From relation (4) it is found to be equal to 

320/ z 


...( 6 ) 


R 


A 2 


ohms. 


A/2. 


SO ohms.* 


Special Cases : 

(0 For half wave antenna ( or half wave dipole) l 

R - 320 ( A 

Therefore the transmission 
fine required to feed this aerial 
ntust have characteristic impe- 
dance equal to 80 ohms for 
good matching purposes. This 

in Ue ' s . rou £hIy constant for 
aerial remote from the 

ground. 

Fig. 9 (a) shows radiation Fig. 9. Directional patterns of the 
Pattern representing the field radiation from a half wave antenna 

strength in various directions of an open ended half wave antenna 

th 5 ree s P ace It is obvious that maximum radiation occurrs from 
e centre of the antenna in directions perpendicular to it. The 
complete pattern is of the shape which would be formed if fig. 9(a) 
s revolved about the antenna as axis. If we consider radiation 

uph tern ' n a P* ane perpendicular to the antenna and passing thro- 
J=h Us centre, it would be circular as shown in figure 9 ( b ) 

*For precise calculation follow art 285 
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00 For quarter wave antenna ( or quarter wave monopole)’. 
For monopole, wp shall have to consider only the upper or lower 
half of the A/2 aefial. The whole aerial is then quarter wavelength 
long and in this case, thus, the radiated power will be half the pre- 
vious value, i.e., 

160/ 2 r . m . # . 

75 /* watts . 

y 

Since only upper half of dipole is effective, 

J A 

2 “ 4 ’ 

7=A/2. 

40/ 2 f . m .,. watts. 

=40 ohmsf . 


Therefore, P A/4 = 

and radiation resistance 

28*5. THIN LINEAR ANTENNA IN SPACE 

We shall develop expre- 
ssions for field patterns of 
thin linear antenna. The 
antenna, under consideration, 
may be of any length, but it 
is assumed that the current 
distribution is sinusoidal and 

it is fed at the centre by a 



~v 


J) 

D 



A 



Fig. 101 


balanced two wire transmission line (shown in fig. (1 0* I). 

Current and voltage distribution along any of the above atennas 
(fig. 10—1) can be found by approximating the antenna in question 
to equivalent length of open circuited transmission line (art 26 3-ii) 
For example 3A/2 antenna can be constructed by a line of length 3A/4. 

We find from fig. 10 art. 26-3 that at 270° s= 2w 3A 6n 


voltage is zero whereas current is maximu 

point of 3A/2 antenna voltage will be zero 
Whereas current will be maximum; and T 
at end points current will be zero where 
as voltage will be maximum (fig. 10-1). 

(a) Calculation of Radiation Fields : 
The primary aim in discussing antenna 
system is to calculate the fields radiated 
by it. Once fields are known, it becomes 
quite easy to calculate power and 
radiation resistance 

Let us now consider a symmetrical, 
thin, linear, centre fed antenna of length 
/. The retarded value of the current at 

any point z on the antenna referred to a 


A • 4 - 4 -™j 
Therefore at feed 


± 



Fig 102. 


fFor precise calculation see art. 28 5. 
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point at a distance s is (fig. 10-2) given by 


[/]=/ 0 sin 


2 k/ l 


2 ±Z 




-.(I) 


' / « • • \ * I 

2tt I l \ 7 

In above equation, function sin ~ ( -j ±z I is the form factor 


for the current on the antenna. The expression ( z j is used 

m <a • * 


when z < 0 and 


1 

2 


— zj is used when z > 0. By regarding the 

antenna as made up of a series of infinitesimal dipoles of length dz, 

the field of the entire antenna may then be obtained by integrating 

the fields from all the dipoles making up the antenna. |The far 

fields dE g and dH f in mks units, at a distance s from the infinite- 
simal dipole dz are 


60t [/] sin 9 dz . , 
dEg = — ~ volt/meter. 


dHf 


[/] sin 9 dz 


...( 2 ) 


amp. turn /meter. 


2 * A ‘ ...(3) 

Since Eg = 120n H,, it will suffice to calculate The value 
of magnetic field H + for the entire antenna is the integral of equation 
(3) over the length of the antenna. Thus 


r +(/2 

H 9 =\ dH f . 
J -1/2 


.. (4) 

Putting the value of [/J from equation fl) into equation (3) 

and then from equation (4), ' 




sin 9 e 
2A 



sin 


2n 

T 



+z 




+ 


r } - t ( o -"-"H (5) 

In equation (5), ]/s affects only the amplitude and hence at a 
large distance it may be regarded as constant. Also at large distance 
the difference between s and r can be neglected in its effect on the 
amplitude although its effect on the phase must be considered 
Further from fig. 10 2, 

s— r— zc°s0. /gN 

Putting equation (t ) into equation (5) and also putting swat in 
the amplitude factor, equation (5j becomes 




h sin 9 e t‘ r / e ) 
2Ar 

'J/2 

+ ' 



2tt 

sin -j- (//2-f z) e"" 9 «••?)/« fa 

i/t * 


I 


tore, they are written as E. and //. 


•••(7) 

Ther*» 
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Since /? 


cj 


2n 


H. 


c \ 

/„ sin 9 . e }m ( , ~ r l c ) 


equation (7) may be written as 


2Ar 



1/2 


«/* 


+ 1 e 
0 


eo^.sin p j.t/r 

).*} 


ijl 0080 


...( 8 ) 


I 0 sin fl.eMt-r/c) 


2Ar 


/p/cos0\ 

eos I 5 — ^ ) —cos 


P/ 

2 


rr 

I 


sin a 0 


•(9) 


[/o] 

27:/* 


COS 



cos 0\ 6 / 

— - C0S 2 


sin 0 


, amp. turn/meter .. (10) 


where [/„]» 
Hence 


L eW-'t'K 
= 1 20* H 4 


o 

E 


e 


E 


60 [/„] 




cos 


j8/ cos 6 
2 


cos 


2 


sin 9 


, volt/meter ...(11) 


Equations (10) and (11) are the expressions for the far fields, 
H t and E, of a symmetrical, centre fed, thin linear antenna of 
length /. From equations (10) and (11), we can draw the field pat- 
terns for the antenna concerned. 

(b) Field Patterns for particular cases : 

(/) £ wavelength antenna : When l=X/2, the pattern factor 
becomes 

r _cos (tt/2 cos 9) 

sin 9 • ...(12) 

This pattern in vertical plane is shown in fig. 10’3. It is only 
slightly more directional than the pattern of an infinitesimal or short 




Fig. 104. 
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dipole which is given by sin 6. The beamwidth between half power 
points of A/2 antenna is 78° as compared to 90 e for the short 
dipole. 

In horizontal plane 0=r/2, form factor is unity, so that pattern 
is circular. 

(li) Full wave antenna : When /—A, the pattern factor becomes 

„ cos (tc cos d)+ 1 

1 sin 9 v ' 

This pattern is shown in fig. 10 - 4. This is in vertical plane. 
For horizontal plane 0=90°, we find that form factor is unity so that 

_ , x 60/ 0 

9o='— or E{4) = _ 


F ^o / 0 

^90 = 

T 


This pattern is circular in horizontal plane. 



Fig. 10-5. 



(in) 3/2 wavelength antenna : When /=3A/2, the pattern factor 



*> 



cos (3n/2.cos 9) 
sin 9 



The pattern in vertical plane is represented in fig. (10 5). For 
horizontal plane d=n/2 so that form factor h unity and pattern is 

circular. 


(c) Calculation of power radiated and radiation resistance : 

Suppose the antenna is located at ihe centre of spherical co- 
ordinate system. Then the average power radiated through a 
small surface element of areaj r 2 sin dd d<f> will be 

dP=\E e H^r x sin 6 dd d<f> watts/sec.* 

=4 X 12077 H+H*r* sin d dd d<f> 

=6077 HJr* sin 6 dd d<f>. 

■ i ■ mm m mm — — — * — ■ ■ 1 , 1 — ^ i ■ ■ ■ — ■ » ■ — — — — — — — - 

S tn f V f W/2 

\ r 2 sin d dd d<f>= 2 j 2n r 2 sin 6 dd , 

we can also take a ring area over a spherical surface as used in the case of 
doublet antenna art. 28 1(c). 

•Factor 4 occurs due to the average over one cycle i.e., for cos* a> t—r/c) 
factor, 4 has been put. 
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Therefore, total power radiated into space will be 


P 


n IT 

H+ 2 r 2 sin d dd d<p , 

o 


Putting value of H from equation (10;, we find 


P 


i5/o 2 [ 2w f” 

n Jo Jo 


cos 


n l cos 9 
2 ~ 


( 3 / 1 * 

cos - 


CO 


30/ o 2 


sin 9 

p/cost' \ p/J 2 


ddd<f> 


2 


cos 


2 


o 


60/ 2 r 


77 


COS 


sin 9 
/ (3/ cos " 

v 2 




m-j- 


sin 9 


S / la 

- cos 

' do . 


This is the expression for the power radiated by an antenna of 
any length /. We can make it particular by specifying the value of/. 
Therefore, the corresponding radiation resistance will be 


cos 


p/ cos 9 


cos 


Z?, = 60 


P/ 

2 



o 


sin 9 


d9. 


...( 15 ) 


This is the general expression for the radiation resistance of 
any length l of antenna. For a particular case let us take first : 

(a) Half wave antenna : 

For half wave antenna l— XI 2, 


R 


A/2 


60 


Tt 


0 


, 2k. A/2 

c >s ( — n — cos ^ 

\ \ • 2m 


cos 


2^ 

Y\ 


sin V 


A/2 |* 
dd 


60 



cos 


Tt 


cos d 


■d-d* 


o sin 9 

= 60 x F22«a73 ohms. 

Therefore power radiated is 

P=RPr m . =73 1\ m „ 

=36-54*. 

( b ) Quarter wave antenna : We know that equation (15) is fit 
for the calculation of R r at feed point which is also point of current 
maximum. 

But if we put /= A/4 in equation (15), then, the case corres- 
ponds to fig. 10-7 ( b 1 in which at feed point current is not maxi- 
mum Therefore we cannot obtain the value of R, from equation 
(15) simply by putting l — X/4 

However, to apply it to the case of quarter wave antenna, we 
can think a quarter wave antenna to be equivalent to upper or 
lower half of a half wave antenna ffig. 10 - 7(a)] so that // 2= A/4 and 
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current is maximum at the feed point. The power radiated will 
half of the power radiated by half wave antenna. That is, 


*.=30 



cos 


( pi cos 0 i 
2 


cos 


pr 


2 


sin 0 


] -dp. 


be 




T f\ 

\ ^ 

K h i 


■I 

\ 


\ 


\ 


t 




Ct/A’fi’fA/r 


K.QA 



Fig. 107. 

Let us put //2= A/4, so that 

n cos* < £ t cos 0) 


* r = 30 



sin 0 


Rr =30 x 1 22 
=366 ohms. 



28 6. CURRENT DISTRIBUTION ON RESONANT AND NON- 
RESONANT ANTENNA : 


When both incident and reflected waves exist on an antenna, 
it is said to be resonant one Therefore, the current on the antenna 
will be expressed as a sum of incident and reflected components. 
For example, I=I 0 e +i - : *+I 0 e- J P‘ 

= 2 /„ cos fiz 

or 7=V+^-/ 0 e-^ 

= jl 0 sin Pz. 
where (3 = 2*/A = co/c . 

This means current distribution for resonant type of antenna 
can be expressed by sine or cosine functions. In art. 28 5, we have 
discussed a resonant antenna. 

If the antenna is top loaded such that incident wave is com- 
pletely absorbed no reflected wave exists on the antenna then 
it is said to be nonresonant. Obviously, current on such an antenna 
can be expressed by 


W /S A/07 A44A/A/VM 
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+J Z t 


l=I 0 e~’P* 

only. This is also called antenna with progressive wave. 

NON RESONANT ANTENNA : 

We shall calculate the power radiated and radiation resistance 
of non-resonant antenna of any length. Let us consider a non- 
resonant antenna of length 2/ shown in 
fig. 11. The current distribution may 
be represented by 

I / I = /oe-'* 

so that /= | / | c wt-rw 

=I 0 e~ lfi2 e'Mt-ric)' 

The radiative magnetic field at any 
point P distant s meters from an ele- 
ment of length dz is given by 

_I_dz sin 9 





2\s 

dz sin 9 . 

— b i<*lt-SfC ) 

■ 2A S 


-i 


Fig. 11. 


amp. turn/meter. X , K . xx . 

In amplitude term, we can replace s by r, but in phase term, 
we shall have to put s=r—z cos 9, 

jfj _ l n e~ lez dz sin 0 jw {t-(r—z cos 0)/c}. 
f 2 Ar e 

Therefore the magnetic field at point P due to the whole 
antenna will be 

+l I 0 e~^ z dz sin 9 jw {t— (r— z cos 9)fc } 

2Ar * 


H* 


I n e iu <t-'IC) s j n e r+j 


[ 


2\r 


g—)PzO-co$9) dz 


V Ml ~ f8) Sin 9 2 sin fp/fl— cos 9)} 


2A r 'fi‘ (i— cos 0) 

V l " ( ‘- fl,) sin 9 sin {j3/ (1 —cos 9)} 


2 nr 


(1 — COS 0) 

Therefore, corresponding electrostatic field is 
E,= l20n.H,= v H f 


...( 1 ) 


7 o gM ‘-r / c) sin 8 sin {p/ (1 - cos 0)} 


■*}.— sin 9 - ~ - rr' L ...(2) 

(l-cos0, 

Power radiated in watts/unit area/sec. averaged over one cycle 
will be Pav'^hEfHt 

i [sin 6 sin (3/ <\ — cos 0)} 

t I 


4ti V 


(1 -cos 9) 
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in which factor J appears because of the average of e u-{t-ric) taken 
over one cycle. 

Therefore, power through an element of area r 2 sin d dd d6 
will be 

P i?/ 0 * f sin 6 sin {(3/(1 -cos 0)} V , . „ 

(TT35i7) -J 

Then the total power radiated into space by the resonant ant- 
enna will be 

(3/ (1 —cos (3)} " l3 


iV {* qV f Sin 0 sin f 

o J o 8 irV 2 [_ ( 1 - 


— COS 0) 

i?/ u 2 f" sin* 0 sin 2 0/(1 —cos 0 )} 


r 2 sin 0 dd d<j> 


‘‘n jo 
Let us put 


(1 — cos 0 ) 


dd. 


so that 


Then 


1 — cos 6 — u, 

sin 2 0 =« (2 — u) and sin 0 dd=du. 


0 


I/Zu 2 

4/7 

4* 


1 


,(l-cos 2|3/u) 






I 



j 


sin 2(3/w 1 2 . f< 0 ' l 


23/ / 


+ 


0 00 


in which 



4u L * 1 4(3/ 

v=2filu. 

Special Case : For ha 
given by 


, t sin 4 (3/ i r^ 1 1— cos 

^ I i A I I I ’ 

Jo V 


+ j ‘ (l - c ° s 23fa ) rfj 

^2t?*l 



^•=4t[->+ 


i?/u 2 r , . sin 2P-A/2 , ,*«e ^ 1 -cos J* 


i ?/ 2 


2 PA /2 + ) 0 


4 ~t- 1+0+2-43 77] 

vV 


4 77 


X 1-4377 


!?/ 0 2 0-719 17 „ 

— — =-./Vm.,. 0 719 

^ TC w 


* fz - i_^v ^ ^ 

» > * / 1 2.2 ! 4.4T6.61 8.8I + "'J 

=2-4377 


/ 


1230 


Hand Book of Electronics 


Therefore, radiation resistance of half wave antenna is 

/?a/ 2 =-.0-' 7 19 

TZ 


_ 1 20* x 0*749 

71 

= 86*3 ohms. 

and is greater than that for half wave resonant antenna (73 ohms). 

The ratio or the power radiated by the actual antenna, under 
consideration, to the power radiated by an isotropic radiator, called 
directive gain, G p , is shown in fig. 12. The plot shows that G„ is 

Z 



not symm trical about 0=7./ 2 (note that it is symmetrical in case 
of resonant A/2 antenna). We can, therefore, conclude that a A/2 
antenna with progressive current distribution tends to concentrate 
the power in the directions close to the direction of progression of 
current along the antenna. 


28 7-1. EFFECT OF GROUND : IMAGE ANTENNAS : 

In all previous discussions it has been assumed that antenna 
was remote from ground. When the antenna is grounded or un- 
grounded but close to earth, its directional characteristics are alter- 
ed, since energy radiated towards the earth is reflected and thus 
the toial field in any direction will be vector sum of direct and 
reflected waves. For the purpo'e of analysis, it is convenient to 
reg ! r d the refUced radiation as coming from an ‘image’ antenna 
located below the surface of earth as shown in fig. 13. 

If we give a physical configuration to this fictitious antenna 
length equivalent to the mirror image of actual antenna, then the 
radiation characteristics of the equivalent system resemble with 
those of actual system The approximation involved in such a 
process is the assumption that the earth is a perfect reflector and 
absorbs no energy. The direction of current flow is such that the 
vertical component of the current in the image is in the same dir- 
ection as the vertical component of the current in the correspond- 
ing parts of the actual antenna, while the horizontal component of 

»■: "-‘■linii’n firr ] 4. 
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! ACTUAL 


ASS T CM A/A 







AMTZMAeA 


F'g 


28 7 - 2 . 


0) 


13. Figure illustrating coi cept Fig 14 Rela-ion of actual antenna 

of image antenna. and i ma g e antenna currents. 

FIELD AT A POINT ABOVE THE SURFACE OF 
EARTH DUE TO HORIZONTAL AND VERTICAL 
ANTENNAS CLOSE TO EARTH : 


. Ground affected horizontal antenna 
horizontal antenna of length 

/ and located at a height h 
above the ground. An 
image antenna BB' (fig. 1 5 , 
should definitely be accoun- 
ted at a depth equal to 
height h and having the 
same length as that of act- 
ual antenna. It should be 
pointed out here that in this 

case, the current in actual 

and in image antennas will 

K /v 1 O A O _ 


Let AA represent a 
l 



6 — 


h 

i 


7 



Fig. 15. Horizontal antenna close to 

pronnd . 


1 ^ -•**«c*j Trill 

e 180 out of phase 

(shown by waveform repre- 
sentation in the figure). 

will reaclf win! a ^ ove '^ e e3r, h radiations from actual antenna 

.ioi. r f™ h a. S ^ e , r ar,o CO ZsV^L 0 ir* an,enna “ Simp,y 

its image^ntenniTftr/'^L ef ^ n* due '° an,enM AA ’ a " d 

with a linf- ™ na *1 Let ^ k e the angle which the point P makes 
Obviously /=9 P 0“"-S “fig. ' | ° 6 an "' nnas a " d 9 ' hat with horizontal. 

The path difference between the radiations from AA’ and . fl- 
W1 " be 2 H eos 4 or phase difference equal to ^.2hcos 4 . Further- 

Z re JfJ ha ?. h . as . e d J fferenc ? be .tween radiations from two antennas 
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Fig. 16 . Field calculations for ground affected horizontal antenna, 
this case). Thus total phase difference is, 

2 rr 

a=P4- -T-. 2 h cos <f > , 

A 

Also, if Ea represents the field at 
P due to antenna AA' and Eg that due to 
antenna BB\ the phase difference between 
the two being x, the total field at P is 

Ea*+Eb* 





-f 2 EaEb cos ^ cos 



If Ea—Eb, resultant field at P will be 

=Ea aJ ^2+2 cos ( p + ~- cos FiB ‘ 17 * (fl) Resu,taDt J? c,d 

ft 2 IT 


due to Ea & Eg. 


V2 


■*yt 


l+cos 2 ( — + 


. h cos <f> j | 


y/2.E, 



2 cos 2 


l + )} 


2 Ea cos 


P 2tt 

T+-A 

Since [1 = 1 80°, total field at P is 

2tz 


A cos 


2Ea cos ^ 90 + h cost'j 

~ y-r / 2rrA 

2£* sml — cos 
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2 Ea sin 


2 Ea sin sin 6 


2nh 

T 

2nh 

A 


cos (90 — 6) 



which shows that the field is proportional to 2 sin 


2 nh 


sin 6 




Let us consider a half wave antenna, located half wavelength 
above the ground, then /=£ A, 

/» = **, 

and take 0 = 30°. 

Putting in the equation for field, 
we get the total field value equal 
to its maximum value 2Ea. With 
different values of 6, we can 
easily calculate the corresponding 
magnitude of field strength. The 
data obtained are plotted in 
fig. 17 ( b ) to obtain the polar dia- 
gram of this antenna. 

(ii) Ground affected vertical antenna : In fig. 18, A A' repre- 
sents the vertical aerial and its image is shown by BB'. The 
currents in the two antennas are in the same phase. We shall cal- 
culate the field at point P due to this vertical antenna. 

Total phase difference in this case 

2 71 

=— . 2 h cos <t> , since j3=Q, 


-9o 


Fig. 17. ( b ) Polar diagram for half 

wave antenna. 


a 


• • 


Total field at P 



E/P+EiP^EaEb cos 


2n 


. 2 h cos 


-- VIE A 



1 -f cos 


Anh 

X 



COS (f> 



if Ea = E b . 




(a) Antenna representation. (b) Field calculations. 

Fig. 18. Ground affected vertical antenna representation and field 

calculation. 
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2 Ea cos 


2 Ea cos 


2 nh 
A 

2 nh 

A 


cos 


sin 6 



With different values of A and 6 , polar diagrams of the field 

radiated in space can be sketched. In next article, we shall dis- 
cuss it in detail. 

28 8. SHORT VERTICAL GROUNDED ANTEjnNA : 

(a) Field Distribution : The field 
distribution around a vertical antenna 
may be obtained by determining the 
strength of the field at any point P due 
to the current in an elementary length 
dx and integrating over the length of 
the antenna. We assume the current 
distribution to be sinusodial and the 
antenna to be operated at a wavelength 
below its natural wavelength as shown 

in figure 19. Current can be expressed 
as : 

/=| / | gi-it-rlc) 

Wh ?[ e S* am P lltude the current | / | at height * above the 
earth will be 





Fig. 19. Grounded vertical 
antenna and its current 
distribution. 

9 


| / |=/ 0 sin 


For z 
so that 


0 , | 7 1 = 4 , 


2n (l—z) 

A ‘ 


...(la) 


or 


Therefore /=/„ sin 



sin 


2nl 

A 


9 9 


(lb) 


where 1 0 is maximum value of current or amplitude at an antinode 
and I b is maximum value of current or amplitude at the base of 
the antenna. Equations (la) and (Jb) both are equally well for the 
purpose of analysis ; the latter merely expresses current at any 
length interms of base current of the antenna. 

With some substitutions for current and distance values in 
the radiative magnetic field equation for short electric doublet, we 
can write tbat the strength of the radiative magnetic field, in 
m.k.s. system, due to this so chosen element of length dx will be 

/o dz sin 6 2k (l—z) 


dH 


2Ar, 


sin 


A 


e Mt-r 1 /c) 


..-( 2 ) 
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We assume that for distant point P, r, r x and r 2 are parallel 

lines. In equation (2) 1 /r x affects only the amplitude and hence 

at a large distance it may be regarded as constant. Also at a large 

distance the difference between r y and r can be neglected in its 

effect on the amplitude although its effect on the phase must be 
considered. Further from figure 19, 


Therefore 


r x —r— z cos 8. 


dH 


I 0 dz sin 8 . 2- (/— z) 

— — sin exp 



r-z cos 9 


...(3) 


Assuming the earth to be perfectly conducting, the reflection 
from the ground may be taken into account by adding to equation 
(3) the radiation of a similar element located below the earth 
surface at a distance z. The total field at P due to both these 
elements will be 


dH 


/o dz sin 0 . ?n ( l—z ) 

— .sin — ’ 


2\r 


A 


exp 


r-f-z cos 8 


.juj ^t- 

-fexp. ju) (t—~ 


z cos 0 


/ 0 dz sin 6 2- (/-z) . ... . / wz cos 8 

.sin — cos 

A \ c 



\r 

7 ° dZ Sm 6 sin : — *-Acos - - ~ ...(4) 


. 2n (l—z) 


2nz cos 8 


A.r 


A 


Therefore, the field due to whole grounded antenna will be 
given by 


H I 0 sin 8 

A r 


gj^t-r/c) 1 s j Q p (/_ z ). CO s (j iz COS 8).dz 

Jo 


Ip sin 8 fcos (p/ cos 0 )— cos p /] 


A r 


H 


Io 


2 r.r sin 0 


sin 2 # 

[cos (p/ cos 0 )— cos p/] 


..(5) 


Therefore, the strength of electrostatic field in volt/meter will 
be given bv 


or 


E 


60/ ( 
r sin 


* [cos ((3/ cos 8 )— cos p /] e* m (*-'/«> 


or 


| E [cos 'P / cos 0) 

r sin 0 


cos p /] 


... ( 6 ) 


From the above relation the value of electric field in different 
directions for different antenna lengths can be found. For example, 
the amplitude 1 E | at a point on earth’s surface for quarter wave’ 
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antenna will he 

■ ri | 60 1 0 . I _ | 120 /o 

I Ej§q 1 1/4 ~ ~ j also | E 9o |j/ 2 — - . •••(7) 

(b) Field patterns ; distribution of radiated energy in vertical 
plane : The distribution of radiated energy in the vertical plane 
will be proportional to the square of | E | and is shown in fig. 20 
for various ratios of the antenna length to the operating wave- 
length. 

I 0 --- 90 ° ! 0 = 90 * 


i 



e~o o=o 



Fig. 20. Vertical field intensity patterns for vertical antenna. 

When the height of the antenna is increased beyond quarter 
wavelength, the pattern tends to be flatten and a greater field 
intensity occurs along the ground. 

If angle 6 is measured from the ground then equation (6) for 
electric field will be 


E 


60 1 0 fcos f3 1 sin i9) —cos $/] 


cos a 


...( 8 ) 


A* various angles, tne distribution of energy is represented in 
fig. 20. It is obvious that at (-=0*75, a secondary lone appears at 

A 

high angles and thus the energy splits in two portions. At - — 1*0, 


the primary lobe disappears completely and the maximum energy 
is now directed along a line at 54° above the horizontal. It can 

be seen tfiai for (- > 1, the two lobes again appear. 

A 

(c) Calculation of Radiated Power and Radiation Resistance : 
As has been pointed out earlier, once the radiation fields are cal- 
culated, expressions for power radiated and radiation resistance 
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arc atonce at hand. Quite obviously, grounded aerial will 
radiate through a hemisphere. By Poyinting’s theorem, the power 
crossing unit area in M.K.S., s\stem of units, is given by 

= E. watts/sec. 

Since E=I20ttH, 

power crossing per unit area is 

= 12077 H\ 


Therefore power crossing surface of ring assumed on the 
hemisphere will be 

l20-H 2 .2-nr 2 sin 9d9. 

Thus the total power radiated through the hemisphere is 

/>=240t7 2 I"' 2 H 2 r 2 sin 9 d9, 

Jo 

which is the actual power radiated by the antenna. 

Now substituting the value of H from equation '5), the 
general expression for the power radiated bv an antenna of’ any 
length / is 7 

ir/2 j 2 

0 [cos (p/ cos 9) — cos p/j 2 


P=240t7 2 


47t '■‘r 2 sin 2 9 

Xcos 2 a> ( / — r/c).r 2 sin 9 d9 


60 


•‘■i: 


1,12 , , [cos (p/ cos 9) - -cos fil] 2 


sin a 


d9. 


where for cos 2 a ( l — r/c ), the factor £ has been substituted for the 
reasons explained earlier. Therefore 


= 30 1 2 1 V ' 2 l cos (Ql cos #)-cos ft/] 2 

0 Jo sin 0 


P—60 1 2 


r 

J 0 


/2 [cos , (3/ cos -cos p/] 2 


sin ^ 


The expression for radiation resistance thus becomes 

«=tA- 

1 r«m s* 

60 i n72 [cos cos #) — cos ft/] 2 


■dd watts. 
..(9) 


o 


sin 9 


d9 ohms. ...(10) 

Equations (9) and (10) can easily be applied to the particular 
case. For quarter wave antenna /= A/4, so that 

\ 


R 


60 



77/2 oos* cos 9 , 


xli= " Jo sin 0 

= 60x0-6095 
= 36-57 ohms. 

Marconi aerial ; 


d9 


...( 11 ) 


In order to provide a convenient erection, which is not possible 
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with dipole A/2 aerial (Hertz aerial) if the wavelength were several 
hundred metres. Marconi 


Ctrf+ent 

distribution | 

r ■ 


Potential 
distribution 



7777777777777777 . 



Tmrrrmrm 


introduced the A/4 vertical aerial 
of which one end was earthed. 

Since earth is assumed to be 
perfect conductor, the lower 
end of Marconi aerial is thus 
connected to a large conductor. 

This aerial is. therefore, fed 
from the transmitter so as to 
provide a current anti-node 
and potential node at the base; 
and with current node and 
potential antinode at the open 
top as shown in fig. 21. If we 

compare it with half wave Hertz Fig. 21. Marconi aerial, 
aerial, then the approximate resonant wavelength will be equal to 
41, where / is the actual antenna length. The aerial is also called 
as ‘A/4 aerial.’ 

Due to ground effect, we consider the presence of image 
antenna below the surface of earth as shown in figure 21. The 
Marconi aerial, therefore, can be considered as equivalent to half 
wave dipole. This dipole, i.e., the aerial and its image, radiates 
through a hemisphere with earth’s surface as dimensional plane 
and not through a hemisphere as in the case of dipole proper. 

Refer to equation (11) of art. 28 8, in which radiation resis- 
tance .of quarter wave antenna is shown to be 

jR*/ 4 =36 57 ohms 

and 7 > A/ 4 =36 , 57./ 2 r-*n-5. watts. 

It shows that Marconi aerial must be fed by a transmission 
line having characteristic impedance almost equal to 37 ohms. 
In practice, earth is not a perfect conductor, therefore the power 
radiated by the aerial will depend upon the nature of the soil 
around the aerial base. 


28 9. 


FIELD STRENGTH AT A POINT CLOSE TO THE 
ANTENNA WITHIN THE RANGE OF DIRECT RAY : 


We have shown previously that the radiative magnetic 
due to antenna of length / is given by 

I av l sin 9 ^ 


field 


H 


2 L 


2A r 

l sin 9 


cos to 


77 


2A r 


cos a> 


rr IJ e sin 6 

H = —r cos oj 1 t 



where L 


21 


2Ar \ c /• 7c 

Considering only the amplitude part of this expression 


and 
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since the factor ‘sin 6 ’ expresses the distribution of energy in verti- 
cal plane, for direct ray 0 = 90° ; we find 

I H |=& 

In r.m.s. value the electric field E (amplitude) is related to 


I H I by the expression 


6 


120 n I H 


or 


a/2 V2 

€ = 1 20* x 

2\r 


1 


Ar ' ...(2) 

W2) denotes the current in the transmitting 


where ( = 

antenna. 

We have introduced the concept of effective length over which 
the current is constant and if this is /„ for an earthed A/4 aerial, the 
effect of the image’ is to introduce a radiator of apparent length 
lne factor 2 is based on the assumption that earth is a perfect 
conductor i.e ground absorption is negligible. Therefore, putting 
instead ot l e in above expression, we get 

120tt „ 

volts/mefre, 

...(3) 


€ 


A.r 


where A, l c and r are in metres. 

fnr tf qUa ! tl0 r (3) giv ’ es an im P or t a nt relation which is widely used 
or the calculation of approximate field strength at distances ex- 

ah dlag Upt ° 200 t0 300 miles from the transmitting antenna. The 
above expression can be expressed as 

377 I r m s L u , . 

» volts/meter. 

•• ( 4 ) 


S 


A.r 


follows IS fie,d Strength Can be ex P resse d in terms of power as 

For all the rays to be parallel to ground (sin 0=1 or 0=90°} 
antenna should be quite short. Therefore, we can take this to 

short doublets ft VCrt,Cal grOUnded antenna ’ The P ow <* due to 

40* 2 /,, 2 / 2 


dP 


A 2 


watts. 


Applying this relation to short vertical aerial, we get 

40 n 2 r- av l* 


A 2 


407T 2 


or 


2 'o v /2 

77 


A 2 


because current distribution on the antenna is sinusoidal. 


Thus 
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where 


P 


l 


40n 2 7n 2 /« 2 


A 2 


21 


n 


In case of ground antenna, the effective height will be twice 


P 


of L. so that 

407r z / 0 2 (2/ e ) 2 

A 2 

mnH\l e 2 

~ A 2 

320 n H\. m . a . 7, 2 . 

A* 

This is the power radiated through a sphere at the centre of 

which an antenna of length 2/, is placed. But because a groun- 
ded antenna radiates through hemisphere, power radiated by it 
will bp half of above value i.e., 

1 60n 2 / 2 r 

= A 2 ...(5) 

Therefore, 


P 


watts. 


1 20ti/, 


ff l» \ 

Ar 7 


2 


S 2 

P _ 160w 2 7 2 r . m . s . le 2 


A 2 


90 

.2 


g == 9 ' 49 yr vo i tS | meter> 


...( 6 ) 


in which P is in watts and r is in meters. 

NUMERICAL EXAMPLES : 

Ex. 1. Whai would be the field strength at 30 km. away from a 

transmitting station of 25 kilo watts power ? 

f 9-49\/(25.10 8 ) 

30. 10 8 

=3-16.10-V(250) 

=47 96.10~ 3 volts/meter 
= 47-96 millivolts/meter. 

Ex. 2. Find the effective height of an aerial given that a field 
strength of 1*5 mV/metre is produced at a distance of 50 kilometers 
by the transmitter operating at 150 kc./s. with an aerial current of 
25 amperes. 

From equation (4), the field strength is given by 

377 / r . m .,. /j ... 

- — volt/meter. 


£ 


A r 


were A, r and /„ are in meters and current in amperes. It is given 
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6 


A 


1-5. 10 -3 volt/meter 
15.1 0 -4 V./m.. 
c 3* 1 O 10 


Ir ■ 


V%' 9» 


n ~ 150.10- 
= 50. 10 3 metres 

25 amperes. 


2.10 3 meters. 


The effective length will be 

/ _ S.Ar 


377 1 ~ metTPS 

/ Jr-m as 

1 5.1 0 _4 .2.10 a .50.l0 3 
377x25 
6000 


377 


15 9 metres. 


Ex. 3. A transmitting aerial operating at a wavelength of 500 
meters has an effective height of 75 meter and the aerial current is 
100 amperes. What is the field strength at a distance of 200 km ? 
The field strength is given by 


y, m 

A.r 

377x 100x75 


•028 Vj m. 


~ 500 x 200 x 10 s 

=28 V/m. 

Ex. 4 . A short vertical grounded antenna is designed to radiate 
at 1 mc/s. If the effective height of the aerial is 30 metres , what 

would be its radiation resistance ? 

It has been shown that for short vertical grounded aerial, 

fa 1 60 -n 2 / a r watts 

A* 

and the radiation is expressed by the relation of the form 

P=l%. m . s . R. 

Therefore, required radiation resistance is 

16077 */* 


R 


A 2 


where L and A are in same units. 


It has been given that A 


3. 1 0 8 


and 


Therefore R 


n ~ 10« 
/o=30 metres. 
160.(3-14) 2 .(30) 3 


3.10 2 meters 


— 15 8 ohms. 


(300) 2 

28 10. TOTAL EFFECTIVE RESISTANCE AND EFFICIENCY 

OF AN ANTENNA . 

In addition to the radiated energy, energy may also be con- 
sumed by an antenna system as a result of loss resistance. Thus 
the effective total resistance of antenna is made up of two parts : 
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(1) radiation resistance (/?), 

(2) loss resistance (R L ). 

„ v . Since we require better radiation characteristics of an antenna 

possible 11 Thk 6 ?^ th ^ l0S - S res i stance should be as small as 
possible. This loss resistance is made up of the following compo 


nents 


(0 

(«•) 

(///) 

(/v) 

(v) 

(Vi) 


loss in inferior dielectrics, 
brushing losses, 

I R losses in anttnna and ground circuits, 
loss by eddy currents in neighbouring conductors, 
loss in earth connection, 
loss by leakage over insulation. 

From the study of all these losses, it has been found that with 
a given aerial and a given current i 

(a) resistance corresponding to dielectric absorption losses 

leakage and brushing decreases as frequency increases and can be 
considered as inversely proportional to the latter. 

i resista nce, corresponding to conductor losses in the aerial 
and earth system and to eddy current losses, increases as frequency 

freque S ncyf nd °* D ^ taken 3S P ro P ortional to the square root of 

(c) It is obvious from the 
expression deduced previously 
for radiation resistance that it 
varies directly as the square of 
the frequency. 

Fig. 22 represents the vari- 
ation of total aerial resistance 

with frequency. 

Thus the total resistance 
component of antenna impe- 
dance is (R + R L ). This total 

resistance determines the amo- *&&&*& 

Z&fZtB Fi ‘- 22 - ViriB,lon ofto,al 

supplied to the antenna to pro- resistance 

dUCe Thf i Jffi, CUrrcnt f a ' the P“ int to "Wch <he resistance is referred, 
radiated t£™ ° fan “’’d 1 depends upon the ratio of the power 
interms of su PPj le d. The power radiated is determined 

+ determinf.Q th reS1StanCe the total resistance 

\ i~Rl) determines the power supplied, with a given aerial If tj 

denotes the efficiency of the aerial, then 8 

R 

V R + Kl- 

the e ^^|ency of an aerial represents the fraction of the 
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Ex. 1. Suppose we want to calculate the efficiency of a 
grounded aerial, operating at 500 kc/s and having a total resistance 
of 12 ohms with effective height of 30 metres. 

Since for the calculation of frequency we require radiation 
resistance, it is given by 

J?=160r. 2 (£-)*, 1580 

For short vertical grounded aerial, it is given that 

l a — 30 metres 
3 10 10 

A “500l(F“ 600 mc,rcs - 



Therefore R 


,, 0A 30x30 , 

1580x » ohms 


600 x 6( 0 


3‘95 ohms. 


Efficiency is thus t? = 


395 

12 


329=32-9%. 


Ex. 2. A low frequency transmitting aerial has a radiation 
resistance of 0‘5 ohm and total loss resistance of 2-5 ohms. It the 
current fed into the aerial is 100 amperes, calculate the radiated 
power, the power input and antenna efficiency. 


Power radiated 
Power input 


Aerial efficiency 


= /?/ ? = 0 5x 100 2 
= 5000 W 

= P (R+R l ) = 10<x3 

= 30,000 IV 

Po« er radiated 5000 

Power input — 30,000 

= 16-7% 


xioo 


or aerial efficiency 


R 0-5 05 

R + Rl~ 0‘5 + 2-5~ 3 


= 0- 167= 167%. 

28 11. DIRECTIVE GAIN : 

A radiating system composed of several spaced radiators is 
termed as an antenna array. These arrays, at high frequencies, are 
employed to achieve greater directive gain. The total field deve- 
loped by an antenna array at a distant point will be the vector 
sum of the fields produced by the individual antenna of the array. 
In order to obtain the greater radiation in ihe desired direction, 
antennas of the array are excited in proper phase. 

DIRECTIVE GAIN : 

Case I : When actual and reference antennas are fed with diffe- 
rent powers, but developing the same field strength at the points 

under consideration. 


Let us first explain what we mean by the term gain’ of an 
antenna array. The term ‘gain’ applied to an antenna system is a 
measure of directivity of the antenna field pattern as compared with 
some standard antenna which is normally taken as an isotropic 
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radiator, i. e., an antenna radiating energy uniformly in all 
directions. Quantitatively, gain is the ratio of power that must be 
supplied to the standard antenna to deliver a particular field 
strength in the desired direction to the power that must be suppli- 
ed to the actual antenna s\stem so as to obtain the same field 
strength in the same direction. The directive gain can be expressed 

either as a power ratio or in terms of the equivalent number of 
decibels. 


Assume n spaced aerials, each with current I and radiation 
resistance R, the phasing and spacing being such that in some 
direction reinforcement occurs, giving a field strength n tiroes 
that from one aerial alone. It we neglect the effect of mutual coup- 
ling between aerials, then total power radiated by the array will be 

P u =n.Rl 2 . 

Optimum field strength produced is 

E n =K K nl) f, 

where K is a constant, Rl 2 ar.d Kl represent the power radiated 
and field produced by one array element respectively. 

In order to produce a field strength of value E n using one ele- 
ment only, it is necessary to use an aerial current I 0 which is n 
times that in one element of array ; but in that case the power 
radiated by a single equivalent aerial is given by 

Po = 'o 2 RMniy R, 
which is greater than P n Hence 


array improvement factor 

If the array improvement factor is expressed in decibels, it is 
usually called the gain of array, f.e. 

Array gain G= 10 log, 0 ( P 0 /P n ) dbs. ...(1) 

The maximum directive gain, G max . is termed as the directivity , 
D, of an array. Since we specify particular direction in which the 
array radiates the maximum power, we need not mention the 
angles 6, <f> with directivity or in other words it is a constant. 

We can proceed to calculate the directive gain in case of 
short electric doublet. For short electric doublet, total power 
radiated into space is 


Pn 


is dr- 

\r 


w'atts. 


* 

The electric field strength is given by 

6O7t 7 0 sin 6 dl 


dE 


Xr 


.cos CJ (t-r/c) 




t E 


607r/ n dl sin 8 
Xr 




6077- dl sin 8 


where 


Xr 
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If we take the isotropic radiator, E should not involve either 0 
or <f> because radiation in every direction is uniform. Therefore, for 
isotropic radiator, we take 

60 nl 0 dl 

dE= — cos co (t — r c). 

\r 

Obviously, electrostatic fields radiated by doublet and isotropic 
radiators have been taken to be equal to satisfy the definition of 
directive gain. 

The power radiated by the isotropic radiator is then 

dE* 

dP - \dE dH =\ . — — watts/sq. meter 

1 l\jrr 

or total power radiated into space 

dE~ 

*P 0 — \ i207r' 47rr2 watts - 


or 


Po=\. 


.(60vr/ n dl) 2 


1 20A 2 Ttr- 


- Avr 2 watts 


60rr 2 I 2 dl 2 
A 2 


watts. 


-..(4) 


From equations (2) and (4), we write 

p,r 4 

Therefore the directive gain of short doublet antenna, on using 
equation (1), is 

G= 10 logjo 1‘5 

= 1-75 db. ..(5) 

Since G is a constant, equal to T75, it can be termed as directi- 
vity of doublet antenna. 

Similarly, to compute the directivity of half-wave dipole, we 
note that power radiated by it is 

.P„=36'5/ 0 2 watts, .. (6) 

and the field strength is 

P / cos 0\ cos £/ 


60 7 0 



cos co (t — r/c). 


sin D J 

For isotropic radiator E must be independent of 0 and conse- 
quently 


60 / 0 


cos a> (t — r/c). 


so that total power radiated by an isotropic radiator is 

E 1 

P 0 ='t- Y20n A ~ r ‘ watts 


•Factor J appears for the average of cos 2 co ( t — r/c). 
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=60/„ 2 watts. 

Applying equation (1), directive gain is found to be 

r , A , 60 I a 2 

G = l0,o *‘WW 

= 10 log 10 1*6 
=2-15 db. 

which can also be called as ‘ Directivity ’ of a half-wave dipole. 




( 8 ) 


From equations (5) and (8), we note that the maximum direc- 
tive gain of a half wave dipole is only 0 4 db greater than for a 
short electric doublet. 


Ex. 1. A transmitter is fed with \00W of power and produces 

Jnn/ST* f ietd stre ”2 th at a Siven point as a A/2 dipole fed with 
2U0 kW of power. Calculate the gain of the aerial (a) relative to A/2 
dipole, ( b ) relative to an isotropic radiator. 

(a) Gain of aerial relative to A/2 dipole 

= 10 logjo %db. 




10 log 


200 x 103 
10 10UX 10 a 

10x0 301=3 01 db 


(b) We have shown that A/2 dipole is 2- 1 5 db more direction- 
al than isotropic radiator. Therefore gain of the aerial relative to 
isotropic radiator 

=2-15+3-01 
= 5-16 db 


Ex. 2. To produce a power density of 1*2 mW/m 2 in a given 
direction , at a distance of 2 0 km, an antenna radiates a total of 
200 W. An isotropic antenna would have to radiate 2500W to pro- 
duce the same power density at that distance. What, in decibels, is 
the directive gain of the practical antenna ? 

Directive gain of practical antenna can be calculated by using 
the ratio 


Power radiated by isotropic antenna 
Power radiated by the practical antenna 
2500 

= 200 


Therefore directive gain of practical antenna is given by 


(7=10 logi 0 


2500 

200 


= 10 logjo 12-5 
= 10 97 db 
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Case II. Vhen standard actual antennas are fed with the 

same power but developing different strengths at the point under 
consideration : 


Refer to art. 28-13 in which gain in held intensity G t ( <f> ) has 
been calculated by taking two antennas fed with same power. 

Suppose the actual antenna system, consisting n elements and 
each element carrying a current /, is fed with power P, so that 

P n = n.Rl i , 

where R is the radiation resistance of each element. 


Then we take the standard antenna fed with the same power 

and having the same radiation resistance, so that current in stand- 
ard antenna should be 




n.RI a 

“ R 


= nl\ 

Therefore /„= V«./. ...( 9 ) 

Then the field developed at a point due to the actual antenna 
systems having n elements fed with power P u , and each element 
carrying current / will be 


E n =n ( KI ). ...(10) 

At the field due to standard antenna at the same point will be 

E 0 =KI 0 =KVn.I. ...(11) 

Therefore array improvement factor equations from (10) and 
(11) is 


n 


so that power gain is 


En r 


G P (s6)= 10 logi 0 n = 10 log I0 

— 10 log l0 5* 

r o 


...( 12 ) 

for the system fed with same power. Compare equation (12) with 

equation < 1). We can, for the present case, define the gain in field 
intensity as follows : 

Field at a point due to actual antenna system fed with 

Gf (^) = - power P (say ) 

Field at the same point due to standard arttenna system 

j .. 'iL 


20 log 10 f 

xSa 


fed with the same power P 
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POWER GAIN : 


While defining directive gain, no account of losses due to 
ohmic heating, r. f. heating, mismatched antenna etc. has been 
taken. The only consideration was that of radiation pattern. 
Therefore to include these losses which lower the antenna 
efficiency, we define another term called power gain, denoted by 
A P . It is defined as 

4 Maximum radiat ion intensity from actual antenna 

p Radiation intensity from (lossless) isotropic source with 

same power input. 

= 7jG, 

where 17 is the radiation efficiency of the actual antenna and G is 
the directive gain. 

The directive gain is always greater than the power gain and 
is significant for coverage, accuracy or resolution considerations. 

Ex. 1. An antenna has a radiation resistance of 12 ohms, a loss 
resistance of 10 ohms, and a power gain of 15. What is its direc- 
tivity ? 

The efficiency, 77 , is given by 

R 72 


R + Rl~ 
= 0 , 8 7 8 

Therefore directive gain is 

A P 15 


72 + 10 


G 


7 ? 0878 

17 08 . 


28 12. LINEAR ARRAYS OF n ISOTROPIC SOURCES OF 

EQUAL AMPLITUDE AND SPACING : 

In the case of elementary dipole, we note that very little direc- 
tivity is achieved. Maximum radiation takes place at right angles 
to the axis which falls off relatively slowly as the polar angle 
decreases towards zero. Further, although we find that half-wave 
dipole achieves a somewhat greater concentration of energy in the 
direction normal to the axis, its pattern does not differ substan- 
tially from that of the elementary dipole. Also, resonant wire 
antennas of lengths greater than A/2, while producing more com- 
plicated patterns, do not result in highly directive patterns. There- 
fore one way in which greater directive patterns may be acnieved 
is by the use of an array of dipole (or other) antennas. The 
resultant pattern due to such an array is the superposition of field 
contributions from each constituent element. 

Fig. 2 shows a linear array composed of n isotropic point 
sources or equal amplitude and spacing, where n is an positive 

integer. The total field E t at a large distance, in the direction ^ is 
given by 
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E= i + e H + e ”* + e v +. . . + e't"- 1 *, • • . ( 1 ) 

where 4* is the total phase difference in the fields from any two 
adjacent sources and is given by 

9 -A . , „ , , 2nd 

</,=- — cos <f>+8=dr cos <f>+8, where </r=— — , 

A A 

and 8 is the phase difference of adjacent sources due to currents 

flowing in them. It has been assumed that the amplitudes of the 





l»- <d 

Fig. 23. Arrangement of linear array of n isotropic point sources 

fields from the sources are all equal and 
taken as unity. Source 1 has been taken 
as the phase centre so that the field from 
source 2 is advanced in phase by the 
field from source 3 is achieved by 2<p, etc. 

Multiplying (1) by e**, we get 

Ee»=e» +e»* ...(2) 

Subtracting (2) from (1) and dividing 
by (1— e**), we arrive at 

1 —e iK * 

E ~ 1 - 

e Jn«/2 [ e /fnJ/2_ e -if!0/2'| 

u sinn4»/2 sin n<\>/2 / „ 

sin ty2 ~ sin 0/ 2 1 
where value of £ is given by 

> 1 / 

i— 2~ v, 

and is referred to the field from source 1. 

If the phase is referred to the centre 
point of the array, say at point 3 of the 
array as shown in fig. 24, then equation 

(3) becomes E— -*= 

sin 4»/2 

since | = 0. 



...(5) 


Ftg. 24. The top figure 
refers to the case when 
phase is taken with refe- 
rence to the origin at one 
end of the array ; whereas 
bottom figure refers to the 
case when phase is referred 
to the centre of the array. 
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When 4=0 equation (5) becomes indeterminate, 

this cise E must be obtained as the limit of (5) as & 
zero. y Y 


so that for 
approaches 


i.e 


Lim E 


ntyn 

T . cos ^x- 
Lim 2 2 

L ->0 4 1 

r cos 

2 2 


n. 


...( 6 ) 


This is the maximum value of the field which E can attain 
because when fields from all the sources meet in the same phase, 

Phase difference between them is zero (0=0), and the resultant 
field is maximum in that direction, i.e., 

Etnax- =W- 


n . 


...(7) 


Hence, the normalised value of the total field would be 

E — E — 1 sin (nty/2) 

E max . n sin (4/2) • 

Th e maximum value which E„ can attain is unity because 
men the held E will assume its maximum value. 

i" 7 \ Tf? i,lust f ate so ™ e of the properties of linear arrays equation 
v will now be applied to following special cases ; 

Case I. Broad side array (sources in phase) : 

When sources are of same amplitude and phase, 8=0, and 

4 =dr cos 0. ...(8) 

For 4=0, 0=(2tf+l)-|, where K= 0, 1, 2, 3...; 

The field is therefore maximum when 

, IT , 371 
^“2 and 2 

Thus the field is maximum in a direction normal to the array. 
This condition, which is characterised by inphase sources (S=0), 
results in a ‘broad side* type of array. 

Example Now we shall sketch the pattern of a broadside 
ai ray of four inphase isotropic point sources of equal amplitude. 
The spacing between sources is taken to be half wavelength, i.e. 9 

d=\J 2 and n=4 

rpi . 2?C , 


Thus 


d cos 0 =te cos <f>. 


Now we shall determine the field strength variation : 


(a) Maximum field direction 

P _1 sin «4/2 
n ~ n sin 4/2 


j^ sin (271 cos f) 
4 sin cos <f>) 


cos ^ cos 0 j cos (? T cos 0) 


1 
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For E„ to be maximum, E should 
be equal to E max . That is £ n =l, or 


cos 


^jCOS <t > j cos (77 cos <f>) 


1 


or 


cos 


(r cos *) 


1 


and cos (it cos <A) = 1. 

Both conditions are satisfied 
when 

if>=(2K+l) 

where K= 0, 1, 2, 3,... 

(b) To obtain secondary maxi- 
mum field strength lobe, we put 
d E 

-“==0. This results in following 
directions : 



Fig. 25. Field pattern (Broad 
side array) for // =4, d=\/ 2. 


9^42°, (tt±42°). 

(c) For field strength to be minimum, we must put 


or 


cos 



■En COS cos (j> j COS (7 r COS cj> ) 

)=°- 


0 


or 


it 

2 


COS efi 


cos <t> 

77 

~ 2 ' 


or cos (n cos ^) = 0. 


or tt cos <j> 


IT 


2 ’ 


• • 


giving 


4>=Kir, 


where K= 0, 1, 2, 3, 

^=0, 180°, 360°, 


giving7^= | 


77 

3 



240°. 


where K= 0, 2, 4,§ 

<f>= — 60°, 120 , . 

Now on the basis of above analysis of field strength, the 
pattern can be drawn as shown in the figure 25. 

Case 2. Ordinary end- 

fire array : 9=90^ 

An array in which the 
maximum field direction 
is along the array, f.e. in a 
direction of <f>= 0, is called 
end fire; array. For this we 
substitute the conditions 
^=0, <£= 0, into 

. 2nd , 

4=-^- cos <£+8, 

Ue. 0 =dr cos 0°+8, 

S^ — dr. .. (9) Fig. 26. The field pattern of ordinary end 

v ’ fire array for n= 4, */=X/ 2, 







• •• \s ) 

We, thus, conclude 
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that fox an end fire array, the phase between sources is retarded 
progressively by the same amount as the spacing between sources in 
radians. 

Example : The field pattern of an end fire array of four 
isotropic point sources with spacing A/2 and S=— -n is sketched in 
figure 26. The maximum and minimum values of the field are 
calculated as in previous case i.e. 

For o=4. 

</=A/2, So 4 , =’»' (cos 4> — !)• 

8 = — 77 . 

T . , r 1 sin 2 tt (cos ^—1) 

Therefore E n =— — — - 

sin^-(cos 


7Z 


cos (cos <f>— 1) cos 77 (cos 4>— 1) 


(a) For E n maximum, 

IT 

COS Y ( cos ^> — 1) COS K (cos 1^—1) 
which gives <f>— 0 , 77, 2 n ,... 

(b) For E n minimum, E n = 0 

or cos ^-(cos <f>— 1) cos n (cos <f>— 1)=0, 


1, 


2 


either 


7 T 


cos —(cos ^ 


1)=0 


which gives 
or 

which gives 


4> 


7 T 


• • • 


3tt 

2' T 

cos it (cos <f> 

<f>= 60°, 120° 


-1)=0, 

240°. 


If the 


(c) The conditions for secondary lobes can be obtained on 
putting g”_0. 

The same shape of the field pattern is obtained in this case if 

8= +rc. 

d=\/ 2, 

n= 4. 

This pattern as shown in figure 26 is bidirectional, 
spacing is less than A/2, the maximum radiation is in the direction 
<f> =0, when 8 = — dr and in the direction ^=180° when 8=+dr. 

Case 3. End fire array with increased directivity : 

Hansen Woodyard predicted that a large directivity may be 
achieved by increasing the phase change between sources, so that 

8- — (dr-\-irln) ...(10) 

and is referred as the condition for increased directivity. Thus 
for the phase difference of the fields at a large distance, we have 


<\i=dr (cos <j> 


D- W 

n • 


...(H) 
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Example : The field pattern 
of an endfire array of four iso- 
tropic point sources for this case 
is illustrated in fig. 27. The 
spacing between the sources is 
A/2 and thus 8=-5*/4. The 
conditions for the array pattern 
being, thus, the same as in pre- 
vious case of ordinary end fire 
array except that the phase diffe- 
rence is increased by tt/ 4. This 
additional phase difference yields 
considerably sharper lobe in the 
direction of ^ = 0. 

The large value of spacing 



Fig. 27. Fndfire array field pattern 
with increased d rectivity for 

. . . ^ d=X/2, n = 4, 8= — 5rr/4. 

results in too great a range in due to which back lobes in this 


case are excessively large. If the spacing is reduced then | I can 
be restricted in its range to a value of n/« at = 0 and a value in 
the vicinity of n at tj>— 170°. Due to this restriction, increase in 
directivity because of additional phase difference, can be realised 
BEAM WIDTH OF MAIN LOBE ; 

(a) Broad side array : 

Consider a lobe having first null 
direction defined by the angle <f> 0 , [f e 
is complementary angle of <f> 0 which 
defines the null direction, then 26 gives 

the beamwidth of lobe concerned 
(fig. 28). 

Null direction of any array of n 
isotropic radiators of equal amplitude 
and phase occurs when 

that is !iiM2) = 

sin (0/2) 

sin (nty/2) = 0. 



E n = 0 


Fig 28 . Beamwidth of main 

lobe oi broad side array. 


0 


or 


since 




2nd 


cos «/ 0 


2nd 


•••( 1 ) 


A ru A 
Putting in equation (1), we get 

( lrd " 


sin 0. 


sin 



A ‘2 

2nd sin 6 


sin 1 9 ]=0, 


A 

For first null direction K 

X_ 
~nd’ 


-)=Kn, 

1 ; therefore 


where K=\, 2, 3. 


sin e 


or ^=sin- 1 \jnd. 


So the beamwidth will be given by 26=2 sin- '(X/nd). ...(2) 
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When the spacing is large, A/m/ will be small and eq. (2) can 
be written as 

20 =2 A/m/. 

If it is given that d=\/2, n—10 , then the required beamwidth 
will be 


2 *= 2 *ioi i2-r =0 ' 4 - 

(b) End fire array : 

For end fire array the principal maximum is at ^=0, and the 
first null is at (f>—<f> 0 . Further for end fire array, 

.2 n d 


with 


so that 


\ =— cos ^+8, 

x 2nd 

A ’ 

ii= 2 ~ (cos^-1). 


...(3) 


From equation (1), we note that for null direction, 

sin (£)..0. 


..(4) 


or 


n<\i 


±K n , 


where K= 1, 2, 3... 


From equation (4) and (5), we find that 


...(5) 


2nd 


or 


(COS (ft — 1) 


. t <f> \K 
Sm 2~2nd 


2 Kir 


2 sin" 


A 


1, we find 


or #=2 sin- 

For first null direction <f>—<ft 0 and K= 1, we find 

A,=2 sin- /(A) 

so that beamwidth of main lobe will be 

2^=4 sin- /(A) 

When the spacing is large, will be small, so that 

2 *»= 4 J { s >) 


A 


s the beamwidth of main lobe 

3. CONTINUOUS ARRAYS 

Continuous arravs of noint cm 




I /A 1 






ifn 


Antenna 


1255 


an expression for the radiation field 
for such an array consisting point 
sources of uniform amplitude and 
of the same phase ( i.e . broadside 
case). 

Let the array be of length a 
and is parallel to .y-axis with its 
centre at the origin fig. 29 (a). 
The field developed by an infini- 
tesimal length dy of the array at 
a distant point P in a direction 9 
will be 

*dE='^~ eMt-r,/*) jy, 

A 


+ ! i 

o 




•» 


CCWT/A/Cffl/S 
Fig. 29. (a) 


r iKdy 


2tt 


on putting ^ ^ P , is a constant involving amplitude. 

Therefore, the tota 1 fidd at the point ^ will be an integral 

taken over the entire length of array , i.e. integral 

1 ®/2 a ' 

— dy 

-a/2 r i 

Referring the fig. 29 (a), 

ri=r — y sin 6, 

so that 

r+ a /* a 
J -a /2 (r—y Sin 0) 

r is sufficiently large as compared to length a of tho 
y» we can keep simple r in the amplitude term, i.e, 9 


A 

r 


Putting A’ 


Ae* 


a, 4 


-a/2 


gtfvsinB Jy 


and integrating, we get 


E= 


2 A’ e-J.'atlit 12 

P sin 9" j 

2 A’ . /pa sin 9 \ 


rsr sin ( ; -i 


Wc have seen that in the case of current element 


dp S] Ot/q dl cos 6 


Xr 


Cus o>(/ — r/c). 


5 be'injmmured from th^rnT’r becaus f. this particular article 0 is 
“ Ured from ‘he line of array, unlike to current elenfcnt case. 
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Let +'=0 a sin 0=a r sin 9, where a r 
length in radians. Then 

sin + 72 . 

(3 sin 0 

putting <\>'/a for p sin 9, we get 

E=aA' 

+ / 2 

For maximum value of E, fields from all the elements of the 
array must reach in the same phase at the point P i.e. for E maX ’t 
*Jj' should be taken as zero. Since expression for E assumes in- 
determinate form for «/»' = 0, we write that 

E 


Lim +-+0 


E 


max 


_ „ cos +72. i 

aA —r— 


Therefore, 


aA’. 


EnormaUzei 


E 


En 


sin +'/2 

E^ = +72 -(D 

which gives the radiation field of a continuous broad side array of 
length a, having uniform phase and amplitude. 

For n discrete, equally spaced sources, we have shown pre- 
viously that 

1 sin n <\>/ 2 

n sin ip/2 ’ -(2) 

fyhere +=<*■ cos <f>+8. (For inphase sources, S=0.) 

Figure of discrete point sources Y 
is shown in fig. 29 ( b ). If we com- 
pare fig. 29 (6) with fig. 29 (o), we find 

that 

<f>=nl2-\-9, 

because <f> is the angle measured from 
the line of the array. Therefore 

<\i=dr cos ( tc/2 + 9) 

— — dr sin 9 
= — $d sin 0. 

When + is small enough (which is the case when 9, d are 
small) we can write equation (2) as 

find sin 9 

sin n+/2 

E n 



X 



2 


ti+/2 


$nd sin 0 
2 


...(3) 


Now d is the distance between two adjacent sources and there 
ire n sources in all, then the length of the array will be 

a=(n— 1) d 

vhen n > 1 i.e. number of sources is infinitely large, so that 

a a nd. 
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and then equation (3) becomes 

/ 


sin 


(3a sin 9 


E 


1 » 


/3a sin 9 
2 

sin 4-'/2 

" +72 ’ 

which is identical with the value of E„ obtained in equation ( t ) for 
the continuous array. Thus we have established that field pattern 
for an array of many discrete sources (n >. 1) and for small values 
of 0, is the same as the field pattern of a continuous array of the 
same length. Further we note that and ^ both assume small 
values for small values of 9. In broadside array case, beamwidth 

2A 

of main lobe 29 will be small if array is sufficiently long, i.e. 

when nd p A. This means when array is long, 9 will be small 
which will result in small value of ^ and hence assumption made 
for equation (3 is justified, or in otherwoids, the characteristics of 
the pattern of a long array are the same whether the array has 
many discrete sources or is a continuous distribution of sources. 

The null direction 9 0 of the continuous array pattern is given 

by E„=0, 


or 


sin 


+' 


2 


0 


V 
2 


where 

Putting 


K 




fina sin 9 0 


1 2 3 

= (3a sin 9, we gel 


or 


2nd sin 9 , 


2A 


±Kr* ( 9—9 u for null direction) 

■dr Kit 


or 


».= S in- (±^) 


» w 

When a >. A, i,e. array is sufficiently long, 

9 n ^±— - rad. 


a 


+ 


57'3KX , 

— deg. 


then 


u - •• (4) 

The beamwidth between first nulls (AT= 1) for a long array is 


2A , 1 15A 

2^oi=— rad. = — deg. 


... 15 ) 
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It can be noted that if we put a=nd, equation (4) is quite 

identical with the expression for 
beamwidth of broad side array of 
n isotropic point sources. Thus 
for infinite number of sources n$> 1, 
null locations for arrays of either 
discrete or continuous are the 
same. 

In fig. 29 ( c ) field pattern of 
the main beam of continuous array 
of point sources of lengths 5A, 10A 
and 50A are plotted. We note that 
the beamwidth between half power 
points Ohp, of a long uniform broad 
side array is related to 0 ol as 

Ohp— O' 9 0 ol Fig. 29 (c) Maia lobe field pattern 

= 0*9 A/a rad. of continuous uniform broad side 

=f=51 A/a deg. array of length 5x, 10X and 50X. 

28 14. MULTIPLICATION OF PATTERNS : 

In previous article we have discussed a direct method for the 

determination of radiation pattern of linear airays. Multiplication 

of Patterns provides another meins tor sketching such patterns. 

The chief advantage of the latter method lies in the fact that one 

can sketch rapidly, simply by inspection, the pattern of complica- 
ted arrays. 

lo illustrate this method, let us take up the following example: 

Consider an array consisting of four elements, each spaced A/2 

apart and with currents in same phase. We shall treat antenna 

elements 1 and 2 as one unit, and 3 and 4 as other unit [fig 30(a)]. 

For the resultant pattern of one unit, antennas 1 and 2, or 3 and 4 

can be replaced by a single antenna located at a point mid-way 

between them. The directional characteristic obtained is a ‘figure 
of eight' [fig. 30 (6)]. 

Now the next step is to treat the two units together, i.e. 9 to 
determine the radiation pattern of two similar aniennas that are 
spaced a wavelength apart and each of which has figure of eight 
directional pattern. The pattern of 2 non-directional radiators 
spaced A apart and fed in phase is as shown in fig. 30 (c). 

Thus the resultant pattern for the original fpur element array 
is obtained by multiplying the pattern ( b ) for a unit and pattern (c) 
for a group as shown in fig. 30 (</). 

Thus if by simple calculations we could know the unit pattern 
and group pattern, it would be too simple to arrive atonce at the 
resultant approximate pattern by mere inspection. 



> 
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THE ARKAV 



>5 RE PL AC ED BY — 
WHERE © REPRESENTS 




Fig. (a) 




Fig. (6) 


THE PATTERN OF 2 NON- DIRECTIONAL 
RADIATORS SPACED A APART AND FED 
IN PHASE 




THE RESUL TANT PA TTERN FOR ARRAY 
IS OBTAINED BY MULTIPLICATION AS 
SHO 'YN BELO W 


OA//7 rr£ a? ,y gpoc/p pa rrsp/v St//, ta/y* 
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We note the following few points in the resultant pattern : 

(a) the width of the principal lobe (between nulls) is the same 
as the width of the corresponding lobe of the group pattern : 

( b ) the sum of the nulls in the unit and group patterns, assu- 
ming none of the nulls are coincident, gives the number of nulls in 
the resultant pattern : 

(c) the number of secondary lobes in the resultant pattern can 
be determined from the number of nulls in the resultant pattern. 

28 1 S ARRAY OF TWO DRIVEN A/2 ELEMENTS : 

The term element is taken to mean the basic unit antenna of 
which the array is constructed. We assume these elements to be 
linear and thin. Like to previous discussion of array of isotropic 
point sources, here too we shall study the two cases. One Broad 
side case in which the two elements are fed with equal inphase 
(8 = 0) currents and the second end fire case in which the two 
elements are fed with equal currents in opposite phase (8=±7 t). In 
each case, expressions for field patterns and gain in field intensity 
will be derived. 

We shall here stress on the calculation of form factor that is 
responsible for the directivity achievements of any type of array. 
The magnitude of the field can be estimated from the previous 
calculation of fields for the elements of the array. 

Case I ; BROAD SIDE CASE : (a) Field Patterns : 

We assume that array is unaffected by ground or other objects, 
/.<?., array is in free space. We shall derive pattern expressions first 
for horizontal plane and then for vertical plane. Since angles 9 and 
4> are confined to vertical and horizontal planes respectively. E{9) 
and £(</>) will represent field intensities in vertical and horizontal 
planes. We consider a point at far distance from the array. 


Z 



Fig. 31. Broad side array of two in phase X/2 elements. 

Since it is a broadside case, the maximum field will be directed 
in a direction normal to the line of array. Therefore as Y-axis is 
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the line of array, maximum field will always be directed along Y 
axis in both the cases i e., whether we calculate field in horizontal 
XY plane or in vertical ZY plane. 

Field intensity in horizontal plane : 

At a large distance r, 

(r > d), 

the field intensity from a single element in the horizontal XY plane 
(0=90°) is given as 

*E X (<f>)=KI 1 , .. (I) 

where AT is a constant involving the distance r and 7, is the terminal 
current. 

Since E y (^) is independent of (/>, its pattern will be a circle in 
XY plane [fig. 32 (a)], which means element of A/2 length radiates 



y 



Fig. 32. 


uniformly in horizontal plane or in other words, we can replace 
these elements by two isotropic point sources for the sake of 
intensity calculation in the horizontal plane. Now as is obvious 
from figure 32 ( b ), for two isotropic in phase point sources the 
# resultant field intensity is 


where < l> 


2nd 


E Uo (4 >)~E q eW+E 0 e-W 

= 2£’o cos 1 / 1 / 2 , ...(1 A) 

cos c/>=dr cos <f>, E 0 is the field intensity from a single 

#1 

element at a distance r (by the consideration of principle of pattern 
multiplication), so that 

E 0 =E 1 (</>)=KI 1 . 


*We note that for a current element 


f0r:I dl sin 9 60ttI dl 


(for 0= 90°) 


A r Ar 

= ATI at a fixed frequency of transmission. 
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Therefore resultant field intensity 
in the horizontal plane at a large dis- 
tance by this array will be 

E(4>)—2E\ ( <j > ) cos ip/ 2 

=2KI X cos | ... (2 ) 

The pattern of E ( <t > ) can be illus- 
trated as shown in fig. 32 (c). The 
maximum field intensity is at ^=90°]or 

broad side to the array, that is, along 
Y axis in XY plane. 

Field intensity in vertical plane : 

When we consider the field in the vertical YZ plane, each 
element behaves as a half wave antenna and therefore from the 
theory of half wave antenna in space, we find that for a single 
element, the field intensity at a large distance r in the vertical 
place is given by 



Fig 32 (c). 




T cos (n/2 cos 0) 

Aii ' : « 

sin 9 


...(3) 


The pattern of two isotropic point sources in the vertical plane 
in place of two elements is 

dr cos tc/2\* 


Euo (0) 


2 E 0 cos 


=2 E 0 

=2 Ex (0), -(3 A) 

on applying the principle of pattern multiplication. Therefore, the 
resultant intensity in the vertical plane at a large distance r for the 
arrav of two elements will be 


E (0)=2£i (0) 


2.KI V 


cos (W 2 cos 0) 
sin 0 


.. (4) 

The space of the pattern is illustrated in fig. 32 (d). The field 
is maximum for 0=90° and <£=90° which is Y axis in ZY plane. 

( b ) Gain in Field Intensity : 

Let us assume that i? u , R 22 are the 
self resistances of element i and element 
2 respectively and R lt is their mutual 
resistance. Let the total power input to 
the array be P. Then assuming no heat 
losses, power P x in element 1 is 

fPi=V (*»»+*»>, 

and the power P % in element 2 is 

P j=/j* (£a2"b£i2)« 



2-elememts 
Fig. 32 (d) 


•Because <f>=n/2 for ZY vertical plane. 

f£x=£u/i 2 +/i (i?i 2 ./ a ). Put /,=/ a . 
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where I x and /, arc r.m.s. currents. But i? 22 =i? u and h=h, so 
that 


P=Pi+P i —2I 1 * (R'r+Rn) 

and thus }. 

Since we express gain of the array with reference to certain 
standard antenna, we take here a single A/2 element as the 
reference antenna. Let the same power P be applied to this 

antenna. Then assuming no heat losses, the current 7 0 at its 
terminals is 

where R 00 is the self resistance of the reference antenna. 

Now the gain in field intensity in the horizontal plane is 
defined as 


G f tt) 


Field Intensity of the array in the horizontal plane (parti- 
cular value of 4>) at a distance r fed with power P 

Field intensity of the reference antenna in the horizontal 
plane (same <f>) at the same distance r fed with the same 

power P 

0 _, r (dr cos 6 
2KU cos ( — 


E(4) 

Eh-W-(4>) 


KI, 


2 ^ 
lo 


COS 


dr cos 4> 



2 R 0 


cos 


/ dr cos (f) \ 


2 If ...(5) 

on putting the values of I x and 7 0 . Bars indicate that gain will be 
confined to positive values or zero regardless of the values of dr 
and ^ The maximum value of G f ( 4> ) is called directivity and is 
independent of <f>, and can be referred as G t simple. 

For the case, when the spacing d is A/2, and R 00 =R n = 73 
ohms (A/2 antenna), dr = n and f7?i 2 = — 13 ohms, we find that 

G/ (</>) = 1 '56 cos (/r/2 cos <(>). 

In the broadside direction <£=7t/2, the gain is 

G, (*) = !• 56. 

We note that it is the maximum value of G f ( <j > ) and is thus 
Gf. The gair as a decibel ratio is given by 




12 


12 


and R 


V»i 

- anu a 21 = — 

il 

where V tl is the e.m.f. that a current I x in antenna 1 induces at the open ter- 
minals of antenna 2. 
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in 


♦Gain 


20 log, 0 G f db 
--3-86 db. 


Now the gain in the vertical plane will be given by 


Gfid) 


2 frj cos (7t/2 cos 0 ) 

1 ~ sin 6 

En.fy.(d) cos (n/2 cos b) 

"■‘o r rz~z 


E(0) 


sin o 



2^oo 


* 

j, on putting the values of /, and 7 0 . 


We note here that unlike to the gain in horizontal plane, gain 
vertical plane is independent of 0. For case </=A/2, and half 


wave antenna system, we have 


G f (e)=l- 56 or 3*8 6 db. 

Case II. END FIRE CASE : (a) Field Patterns : 

Array is shown in fig. 33 (a). We note that, unlike to case I, 
nere the currents in the elements are in opposite phase instead of 
being in the same phase. 


Since it is end fire case, the maximum field will always be 
directed along AT-axis, the line of array, in both the cases of field 
calculation (in XY plane or ZX plane). 

Field intensity in horizontal plane : 


At a large distance r (r d ), the field intensity from a single 

element in the horizontal XY plane is given by 


Ei (</>)= KI X , 

where I x is the terminal current and K is constant involving the 
distance r. 


Replacing the elements by isotropic point sources of equal 
amplitude, the field intensity in XY plane for two such out of 
phase source is given by 

t tEi 8 o (</>)= E^W-Eoe-w* 

^ „ . / dr cos <ft \ . 

=2 E 0 sin ( — - I, ignoring j. 

*Gain = 10 1 og l0 G /, where G / is power gain. When gain is expressed in 

field intensity, power P is proportional to square of field intensity and hence 
gain=20 Iog i0 Gf . 

•j-fSince for end fire array \p=dr cos + where 8=— rc, because 
currents are in opposite phase. Therefore 

E Uo (4>) = E 0 e»l* + E 0 e-’*'* = 2E 0 cos f — * * ~ ' - 

or , . / dr cos <t> \ 

■= 2£ « sm (-2 j 
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The account of phase S=n has 
been taken by taking the difference 
of fields radiated by two elements. 

By the principle of pattern 
multiplication, Ea can be considered 
as the intensity from a single ele- 
ment at a large distance r. There- 
fore 

E 0 =E 1 (</>)=• KIx 

and hence the field intensity in the 

horizontal plane at a large distance F'g- (a) End fire array of 
by this array will be two elements. 

E (<f>)=2KI l sin 

The pattern of E ( <f> ) can be plotted as shown in fig. 33 ( b ). 
The maximum field intensity at <f>=0° and <f>— 180°, i.e. along X 
axis in XY plane. Hence the array commonly referred to as an 
‘end fire’ type. 




Field Intensity in Vertical Plane : 

The field intensity E x ( 6 ) from a single A/2 
vertical plane at a large distance r is given by 


E 1 (d)=KI l 


cos (tc/2 cos 0 )' 
sin 6 


element in the 


y 



Fig. 33. (b) Pattern Fig. 33. (c) Array of two isotropic 

for E (<£). point sources. 

The pattern of two isotropic point sources in the vertical plane 
in place of two elements 

„ „ . (dr cos 4> \ 

Ei, 0 (0)=2E o sin ^ )• 

But we note from fig. 33 (c) that in this case of two isotropic 
pointf sources 6 is complementary to 6 and hence 

E,„ («=2£i sia (*”!?)*. 

•(•Since for isotropic radiator, vertical or horizontal planes are net dis- 
tinguished as it radiates uniformly in all directions. 

•Phase difference has again been accounted by tatcing sin ip/2. 
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)arge P teiancf r f 0 ^tS elemem of may' fa” Ver ‘ iCal P ' ane at a 


E(6)~2KI 008 f 71 / 2 cos 0) 

1 sin 9 


sin 


dr sin 6 

2 


•• (7) 

or 0=90° i.e. 


But 


alonj^-a^irz™ pia d „; n " DSi ' y Wi " be for *=° 

(b) Gain in Field Intensity ; 

1 and’eJemem^^esnectivelv oVp the seIf resis tances of element 

Let the t otaf power ^npu^to ftaafebe^ resistance - 

heat losses, power P x in element \ h ' Then assuming no 

P\=I\ z R\i+I l (R 12 I 2 ). 

h= — I u so that 
P i—^i 2 Ru — Ii z R 12 , 

phase!" CaS6 ' CUrrent h " wee “ the e^ments are in opposite 
Also, power P 2 in the element-2 is 

Rz — I-f (i?22 

The total power input is 

p = p i+P 2 
=21? (R n 

taking B x =p 22 an d /,= _/ 




7?12), 

Thus 



P 


ft; ' L 2 (R n — 

standard^^nnf ^ f a j n u f the array with reference to certain 

nce an enna f pt take here a sing,e A / 2 element as the refere- 

Then assum^na 5 he + s , ame P° wer p he supplied to this antenna, 
-n assuming no heat losses the current /„ at its terminals is 





P 
R 


00 


where 7?^ is the self resistance of the reference antenna. 

o\v the gain in field intensity in the horizontal plane will be 

dr cos <f> 


G f (<f>) 


E(4>) 

Eh-w- ( <f > ) 


2KI X sin ( 


KI, 



=^)l ™ ( 


dr cos <f> 
~2~ 




For half wave antenna array with a spacing of A/2 the above 
expression assumes the form ' 

G,(<f>) = 1-3 | sin (rr/2 cos i) J, 
on putting R 00 =R n =i3 ohms, dr=n, R la =-i 3 ohms. 
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In end fire directions (^=0° or or 180°), the pattern factor 

sin (7i/2 cos 4>) becomes unity and the gain is 1'3 or 2‘3db. We 
call this maximum gain as directivity and is thus denoted as Gf, 
being independent of angle <f>. 


Now the gain in the vertical plane is given by 

2KI, sin { 

_ 1 sin 6 \ 

VT cos (ti/2 cos 8) 

u sm 8 


dr sin 8 


G f {4) 


E(8) 


Eu w- (#) 



u 



dr sin 0 
2 


...( 9 ) 


The maximum radiation, as we find from equation (9) occurs 
in a direction 0=90°, <£=0°. Unlike to broad side case, here gain 
in the vertical plane is a function of angle 6. The directivity Gf will 


be 


on putting 8— 90°. 


For half wave elements array with a spacing of A/2, c/r=rr. So 


that 


Gf 


V(m) 

1-3 or 2-3 db. 


Example : An antenna array consists of four A/2 elements 
arranged in a vertical plane ; each element being fed in phase from a 
single balanced transmission line. Draw the radiation pattern and 
calculate the directions of maxima if the spacing between the adjacent 
elements is A/2. 

Refer to Case I Art. 28T5 : 

Since all elements are fed in phase, 8=0. This is a broad 
side case in which maximum of radiation is directed perpendicular 
to the line of anay. Compared to Case I ait. 28‘15, here are 
four A/2 elements instead of two. 

Field intensity in horizontal plane : The discussion given in 
that article will remain as such for this case too except eq. (1A, will 
now become E ite (4>)-E 0 e ls *l*+E 0 e i * li +E 0 e~ 1 ‘ t ‘ /2 -\-E Q e~ if *t 2 

=2 E 0 [cos 3472+ cos m 


Since <7=- , 



3 dr cos <f> 


- 1 + COS 


dr cos <f>\ 
~2 


E (</>) = IKf cos 


3j r 
~2 


Therefore eq. (2) will become 
cos ^j+cos^ cos <f>^ j 
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9^=90°, 
96 = 0 °, 180°, 


E (<f>)=2 (274)- maxima along 7-axis. 
E ( )=0 —minima along 7-axis. 


x / /I UAIO, 

Major lobe of the pattern will be same as shown in fig. 32 (c) 
The actual pattern is shown in fig. 30 (d). 1 h 

samp Fie ^ J nten . sit y in v ^tical plane. The discussion will remain 

ame as given in that article except eq. (3 A) will now become 


E it0 (d) = 2E 0 


3 dr cos 


cos 


7t 

2 


dr cos 


2 


-f-COS 


re 

2 


2 


2 ( 2 £’ 0 ) 


so that eqn. (4) for the present case will be 


E ( 9) = 4 KI , 


cos 


n 


2 cos 6 


sin 9 


mo^° r l0 r be P attern wi]1 be as shown in fig. 32 (d). The field 
1 . maximum for 0=90° and <£=90° which is 7-axis in ZY plane. 

patterns 6 (Art *28™$) ° Pt ^ the method of multiplication of 

2816. YAGI ANTENNA OR PARASITICALLY EXCITED 

END FIRE ARRAYS : 

have ™£d ° f <array of two driven V2 elements’, we 
t ® ° t d that both the elements were separately fed directly from 

elemSt? 1 ' T? ' ‘T' SUCh directly fed elements are called ‘driven’ 

dinner 1 flection to a transmission line. If only one 
adioinincr^i enien ^ 0f t Mf<f rray * s d * re ctly fed. the currents in the 

of th? dnven .^emient, or in other words the other elements 

‘driven^ e £ 2It ? d due to induction effect of the field of the 

exrltatlnn nt - Such a process of excitation is called parasitic 

Fnd firp tbe , e e . ments thus excited are ‘ parasitic elements ' , 

End fire arrays employing this principle are known as Yagi anten- 


hroJ h !i PnnClp e i parasitlc excitationcan n °t be employed in 
P^ ds ! de arra y s - The reason can be understood as follows : for 

nh«tp S ^!-m ray u S ’ c v , urrents in eac b element must be in the same 

L f ^ uPiph re , qa ' res that tbe distance between adjacent 

S h V d a u Ul1 wavelen gth (because ‘inphase’ condition 

fuM wlv ? ° D k aftCr - the P assa 2 e a full wavelength) ; but with a 
full wavelength spacing between the elements, the pattern will 


Antenna 


1269 


be of the shape shown in fig. 34 (a) which 
means there will be two end fire lobes of 
radiation as well as the two broad side 
lobes and this type of pattern is not a tr-e 
broadside pattern. Due to this reason 

elements in broadside arrays are always 

driven rather than parasitic. 



Field strength at a point due to an array Fig - 34 - < a > 

with parasitic elements : 

We consider an array consisting one driven element A/2 long 
(element 1) and one parasitic (element 2). We shall proceed to find 

gain in this case. /PfiwT 

The circuit relations for the elements ^ . i 

can be written as ; ‘ x d 

V l = I 1 Z 1 , + hZ 12 1 

0 = / vl Z 2 o + /iZ l2 , _! ^-1/ 4 

where Z u , Z 2 , are self impedances of ele- % ' 

ments 1 , 2 and Z 12 is the mutual impedance j I 

between them. I J 

The current in element 2 will be JL £ 

, _ , Z, 2 . | Z 12 | /k) 

h ~ 1 z n Il \z u \h t 


% 


/*=- 

j ^12 

1 z 22 

j | ^12 1 K T m) 

| *2^22 1 h 2 


rr 

^22| 

or 


I s - /f 
| ^22 

where 

£= 

=7r-h r m — r 2 in which 


Tn = 

-l ^ 12 

= tan 1 — 

k i2 


t 2 = 

, Z 2 * 

=tan 1 7T 

because 

2i2 = 

= ^12+^12 


Z 2 t~ 

= /?2o+yr 22 . 


Fig. 34. (b; 


The electric field intensity at a large distance |frora 
as a function of <j> is 


the arrays 


E (<f>)—KI 


'■+« /(x- 


d cos 


*) 


= K{Ii-\-I 2 I (dr cos 6)}, 

where dr cos is the path difference between the fields from 
etcments 1 and 2 due to path difference d cos <l> between them. 
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Substituting for / 2 , we get 

E (<f>)*=KI 1 1 1 + j^- 1 / £+dr cos <{>) | 

The driving point impedance Z x of the drivei ele: 

_ ^1 AZii+/ 2 Z 12 


• • 


ent is 


•( 1 ) 




h 


h 

•^n+Z 12 ~ 


But we have shown that 

0 = / 2 Z 22 -(- /jZja 

A_ Z] 2 

A z 2a 

so that driving point impedance becomes 

Z 2 
^12 


or 


Z,=-Z 


n 


=Z 


ii 


The real part oi Z x is 


Z 22 

I Z 19 « 1 /(2t w ) 

! Z 2 2 | /( T a) 
Z,» 


R 1 —R u ——J^ ( - cos (2r m — Tj) 
Adding for effective loss resistance, we can write 

I Z 12 S I 


Ei—RiL+R n 


IZ„ 


cos (2r w — tj) 


If power input to the driven element is P then 


yUJ V ( ^lt+^li— | Z 12 a /Z 28 | COS (2r ro — r 2 ) ) 

Putting this value of I x in equation (1), we get the expression 
of electric field at a far point due to array. That is 

E K f F 1^* 

L -^li+^il — 1 Z 12 8 / Z 2% I cos (2r m — r 2 ) J 

I Zj 2 


1 + 


Z 22 [ 


! (i+dr cos <f>) 


Directivity : The directivity is defined as 

Field intensity due to the array at a point fed with 

G f U) Power P 

Field intensity due to reference antenna at the 

same point fed with same power P 

We choose a single A/2 element as the reference antenna. The 

intensity at the same distance fed with same nower P is 

E b .w. (<f>)—KI a —K 



00 


+PoL 
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where i? 0 o ' s se ^ resistance of single A/2 element. 

R oL is loss resistance of single A/2 element. 

Therefore 


Gf (<f>) 


Ett) 


K 


[*n 


-\-RlL 


Z 12 2 IZ 22 \ cos (2 

xf 1+f *l(t 

^>22 — 

K \ F 


1 1/2 

— [(£+dr cos 6 ) | 

22 I 


1/3 


Since R 00 = R n and lettin S R 0 l~Ril. we have 


Gf (<f>) 


V( 


+ Rn 


_ ^11+ 

Zi 2 VZ 22 | COS ( 2r 

x f i+S-'I/h 




( t+^j /g+^cos 4) ) 


If by detuning Z 22 is made large then Z S2 will become large 
so we neglect the terms containing Z 22 in the denominator, giving 


Gf (</>) 


/( 


That is, field of the array becomes equal to the field of single 
A/2 antenna. 

Reflectors and Directors : The magnitude of the current in the 
parasitic element and its phase relation to the current in the driven 
element depends on its tuning which can be accomplished in two 

ways : 

(0 by havirg fixed length of element but by inserting lumped 
reactance in series with antenna. 

(//) by adjusting the length of the element. 

By changing the tuning of the parasitic element, can act as 
a reflector sending the maximum radiation in ^4= 180 direction or 
as a director sending the maximum radiation in 0 direction. 


Field Patterns : 

Field patterns for a three element array located on c wave- 

length above a large ground plane are shown in fig. 35. In fig. 35 
(a) vertical plane pattern is shown in which we note that radiation 
appears at negative elevation angles due to the finite size of tne 
ground plane In fig. 35 (b) horizontal field patterns are shown at 

elevation angles P = 10°, 15° and 20°. 

Array may be constructed with a large number ot parasitic 
elements. Yagi array is an example of such an array consisting 
a number of parasitic director elements arranged in a row in front 
of the driven element. It uses one element as reflector also. 
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Vertical plane pattern at 
three elevation angles for 
a three element array loca- 
ted x above a large ground 
plane. 




o/ff/FCro# 

^eeie craft 


m 


Gftocno 



cc=rs* 


_ PlA/t£ x/ z 4 s fi 

y/£# ft£LAm*ftrsu) /#rf/wryftafte*o* 


Horizontal plaoe pattern 
for the array for three ele- 
vation angles. 



PLAAt W£N 


Fig. 35* Patterns of an array consisting three elements located X 

distance above a large ground plane. 

• ■^ nte “ n 1 as ’• For the field calculation at a certain distant 
point developed by such parasitic end fire array, the phases of 

currents in parasitic dipole elements are of utmost concern. Phases 

Oi currents in parasitic elements depend upon the following two 
I actors i 


(i) Length of the parasitic elements : 

A parasitic dipole cut exactly a half wavelength or slightly 

longer will be inductive and thus the phase of its current will lag 

the induced e.m.f., while a parasitic dipole cut shorter than a half 

wavelength will be capacitive and thus the phase of the current in 
it will lead the induced e.m.f. 

(ii) Spacing from the adjacent element : 

Close spacing between the elements is used in parasitic arrays 
to obtain good excitation and in the process of excitation, induc- 
tion field of the elements play the major role. 

The exact analysis of such arrays is complicated. It is known, 

however, that when the elements are shorter than A/2 and are 

properly spaced, they reinforce the field of the driven element in a 
direction away from the driven element. Such elements are called 
as director. Thus if a director is placed infront of a driven ele- 
ment, it will direct the field in a direction away from the driven 


*A half wave antenna can be approximated with quarter wave open 
circuited transmission line. Refer to impedance curves of such a hne. 
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element [to right, in fig. 36 <«))■ Thus if there is a line of directors, 
each one will excite the next one. 

On the other hand, when the elements are slightly longer 

the field of the nr eciselv they reflect the field towards the driven 

e i eme H advent to the driven element, any element pla:ed beyond 
the^eflector will receive negligible field and will not be apprecia- 
bly excited [to the left of reflector in fig. 36 (6)]. 


asfi&r mectok 



d/fectof 



O/ ?/vE/r 
ELEFIEU? 


FJELD 


F/ELD 



Fig. 36. {a) 


Fig. 36. ( b ) 


OP&EA/ EL FATE AST 





1 7 Z 0 M 


E/FECFOFS 


A Yagi end fire array usually consists of one driven e ' emei } t ’ 
one reflector on one side of it , and a number of directors on the 

other side of it as shown in fig. 36(c). 

Directive gain of around 10 db. 
is readily achieved with a moderate 
number of elements (five or six). 

A Yagi array has the following 

advantages : 

(a) they produce a uniform 
directional beam of moderate 
directivity , and 

(fc) they employ an easy way 
of feeding the system because only 
one element is fed , i.e ., simplicity of 

feed system design and low cost. 

The input impedance of Yagi array tends to be low and the 
beamwidth is limited to around 2% typically. To obtain higher 
gains, broadside array, consisting many Yagi arrays as constituent 

element is used. 

Dimensions of reflectors, directors and folded dipole units 

spacing for Delhi TV channel 4 and 7 are shown in fig. 36 {d) and 
36 (e), respectively. 


UA/E 

Fig. 36. (c) 
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252 CM 


84 Cm 


240 Cm 228 Cm 



96 Cm f 7204 * 



Fig 36. {e) Channel- 



ftcf/ecwf' fd/cte'/ g/recfor 

ctt&o/e 

Fig. 36. ( d ) Channel-4 aerial 

28 17. LOOP ANTENNA : 

Thp I!?- 1 t°° P a £ te . nna is a 0011 of a °y convenient cross-section. 

lt *hU S tT<T 0D pur P° ses ’ un,ess their dimensions are made tom- 
designed tha? S le r h employed - The ordinar y loops are so 

length. This causes the currents to be of the same magniudl and 

t p h h “£ tb ™ u g hout the loop. However, it must be pointed out here 
Sums oAhe bUtCd capacity and leakage inductance between 

ttanal n'Zrn „f taDti f ' he Same ' Due 10 ,his «<&«, «>® <<>reo-’ 
idealized loop P an " I ’ na differ from lhal of a " 

we a f? generally used for reception purposes. Now 

rrised-'i riSepianZf a V lo^r md “ Ced in a 'oop by a wave pol- 

of , a / ec,angu . ,ar loop remote from ground, of wire 

vol7s/me re fif 37^’ “l £5? Ti!.' by e!e o‘ron>agnetic wave of E 

given by g ' h lhe 8eld strcn S‘h & at any instant be 

E=E m sin o) (t—r/c), 

where every notation bears its usual specification, 
strength E™'*' ’ ndUCed ^ the l0 ° P wil1 be the line integral of field 

•It means electric vector E i<* in a nian. 7TTZ 

£ is perpendicular to w id.h W, the e. m f will be inc uced inTi “and 
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The e.m.f. induced in one arm will be 
as in other arm, but differ in phase, the 

depends upon W . 

The field strength in arm 1 will be 

I r—^tVcosd\ 

E x =E m sin o> 1 t J 


in the same direction 
magnitude of which 


and in arm 2, 


E i =E in sin co (r- 


r+Wcos 6 


w 




AtmZ 



(a) Rectangular loop antenna. ( b ) Induced e.m.f. calculations 

Fjg. 37. Rectangular loop antenna. 

The resultant e.m.f. will be 

* = E x h — E t h 

r / r-\W cos 8 

=-E t:t .h sin w ( t 

L ’* r+l^cosa^l 


sin a> [ t 


2 E 


m 



COS CO t 


lr) !l 


sra o> 


W cos 6 
2c 



If there are N turns in the loop, the induced e.m.f. will be 


e=2NEji.s\n co ^ 


W cos 9 
2c 



COS CO 1 t 



Since the dimensions are small compared with the wavelength, 


we can assume 


•Quite in analogy w tfa 


E 


dV 

dx' 
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sin co 


yy cos v 


2c 


(X). 


Therefore, e =2 NE m .h.co. 


rV COS 0 

2 c 

W cos 0 


2c 


COS o> I / 


Wh.E m . — cos 0.cos oj 
d, area of the loop, and 

2n 

c = T’ 

2t zNA cos * „ 


Also Wh 


Therefore 



A 


or 


| e j~ 2 ttNA cos * 



Em VOltS, 


...( 1 ) 


where E m is in volts/metre, A the area of th * i 
metres, and * is the angle between f ^ oop ,n s 9 uare 

direction of the transmftting station. P anC ° f the Io0p and the 

The maximum value of I e I win i 

i.e. when the plane of the coil /* L r n „ ,? CCU J. w ^ n 0=0, n, 2t r, 

signal. If the plane of coil is at riJhfl d \ rection °f transmitting 
transmitting signal, *=90° and hence induced cm Asttf ^ ° f 

by connecting 6 a foopTo^th^ reed ver and* direCti ° n finding since 

XendSoiVw^ tK.4 -: Dg 

If at two receiving stations separated ‘hv °C tra nsmitting station. 

easily by triangulation. on transraitter can be found 

Since the voltage indneed is the multiplication of the field 
strength with height of the loop, the factor 2 ” A '^ « « » bei a 

effective height^f Shoo^” ” eXpression for I « |. i» termed as 

fie,d ’r»c y r x s T ion r p r- <h ° 

can be given by the foSa *™XT,n h t°" 8ho , , ! t ,he loop ' 

with a wavelength : P ded °°P ,s small compared 

nOn'NIA \ T 

- ~r 4 cos*. 


E 


where 


r is distance in metres, and 

/’ is Io °P current in amp, 
rest notations being the same. 


..( 2 ) 
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To derive equation (2), we 
proceed as follows : 


*£CTMGUUR 

loop 



Let us consider that the 
loop is placed in the coordi- 
nate system as shown in the 
fig. 38. If the loop is oriented 
as in fig. 38, its radiation field 
will have only E+ component. 

If the dimensions of the loop 
are small compared to wave- 
length, the current through- 
out the whole loop can be 
assumed to be uniform in 
phase. We can now treat the 

loops as four short linear di- 
poles (1, 2-, 3 and 4). , , , 

To find the radiation pattern in the yz plane, we should 

consider only 2 and 4 dipoles i.e. two out u^TeatSs hort 

linear dipoles, their radiation pattern in xy plane, »n which y 

are situated, will be of the form shown in fig. 39 .^ ^ cfrcular as 
perpendicular to xy-plane, i.e., in yz plane pattern is circular as 

shown in fig. 39 (6). 


Fig. 38 




Fig. 39 

Since the field pattern 
of 2, 4 dipoles is circular in 
yz-plane, they radiate uni- 
formly in all directions, i.e. 
individual small dipoles 2 
and 4 are non-directional in 
theyz plane and hence the 
radiation pattern of this 
loop in yz plane will be the 

same as that due to two iso- Fig - 39 

tropic point sources. A cross-section through the loop in the yz- 

plane is shown in fig. 39 (c). 



10/ po, 
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Since field due to 3 and I dipoles in .^-direction (for these 
these dipo les. pa ** erDS wi » “ «*■««) £ negliglbfe, £|£S 

totai^M tr . eat f ng di ? ole , s 2 » 4 » as two isotropic point sources, the 
total field at a far point due to the two dipoles will be 

E+ = —E+oeW+E+QerM* 

= -2 jE 49 sin 4/2, 

where E H is electric field from individual dipole which is equal to 

j60.7t/ 0 / 

“ Ar from dipole theory. (In this expression sin 9 is 1 because 

here dipole is along x-axis and therefore, if 9 from x-axis in any 
direction in jz-plane is measured, it will come out to be 90°). 3 

pr ° blem ’ length / is the height h of the loop and let 
retarded current on the loop be I ,, then p 


E. 


*0 


E 


_j60.n.I,h 

= Ar * 

Thus expression for total field 

-> . j. 60. nl,h . 4 

m= ~ 2j — v- s,n I 

1 20n I 8 h . <L 

= y sin z 

Ar 2- 

Also from previous theory of arrays, 

, 2rc d sin 6 

V— 7 

A 

But here instead of d 9 we should write W y l,e . 

# 2nW sin 0 

*- — j — 

Further if W A, we can write sin *4/2 equal to *4/2. 

Hence E±— 1 20*/,/; 2nW sin 9 

Ar , 2~ Ar • A * * 


120*2/, Wh sin 9 


120* 2 /, A 


A 


sin 9, 


r 'A 2 

where is the area of the loop. 

,. * b ? re are . ^ turns in the loop, the total electrostatic field 
radiated in jz-plane will be 

1 20 * 2 N A 


E 


f total 


A 


. I, sin 9. 



Antenna 


1279 


If 0 be 


ieasured from .y-axis, then 

I E, /. cos », 


r [A 2 _ 

gives the instantaneous value of electric component of the radia- 
tion field. 

The corresponding magnetic field is 

(JE+) total (E*) total _ 

(H+ltotal — 177 120rr 

cos 9 . 


The field pattern represented by 
equations (1) and (2) is shown in 
figure 39 (d). Pattern appears as the 
cross-section of the figure of revolu- 
tion about an axis that is perpendi- 
cular to the plane of the loop. This 
pattern due to loop antenna remote 




Fig. 39. ( d ) Directional cha- 
racteris ic of loop anterna. 

r — - - - - * 

from ground is exactly the same as that of a doublet antenna placed 
at the centre of the loop with its axis perp:ndicular to the plane 
of loop. The main difference in two patterns is that the field radi- 
ated from a loop is every where polarised in a direction parallel to 
the plane of the loop. 

NUMERICAL EXAMPLES 

Ex. 1. Find the voltage induced by a plane wave of field strength 
•01 v^lt/meter and wavelength 300 meters in a loop of 1 square 
metre of 12 turns. The plane of the loop being in the direction of 
wave propagation. 

The voltage induced is given by 

IttNA cos 0 _ 
e= : E. 


Given 


m* 

A 

£’ m = , 01 volt/metre, 

A — 300 metres, 

A= 1 square metre, 
= 0 °. 

2n. 12.1. cos 0° 


e 


300 
0 0536 


X-01 


24x 3T4 x T 
300 


volts 


_ 300 
=2-5 milli volts 

Ex. 2. In a field strength measuring set of 500 kc/s. using a loop 
aerial composed of 70 turns 1 metre square area, it was found that a 
maximum potential difference of 2 millivolts was developed across 
this loop aerial when the latter was tuned to resonance. Calculate 
what was field strength, given that Q of loop aerial is 30. 
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The maximum e,m.f. is induced only when the nlane of fhe 
^oiUoincides with the direction of transmitted signal F.e. for 0«=O, 

I e \ ma *= 2 ~ E m . 


Given 


maw 

N 

A 


2. 10— 3 volts, 

10 , 

1 sq. metre, 

3.10 8 

7 ~500.10 3 ~ 


Therefore, 2.10 ~ 3 =^p £». 


3.10* 

5 

600 metres. 


• F 

• • JLj f 


60.1 O'* , , 

- 3. | 4 " volts/metre 



mV/metre 


= 19*107 mV/metre. 

28 18. PARABOLIC REFLECTORS : 

We know that an array of linear antennas can be employed to 
achieve a directional radiation pattern in which the radiated power 
is concentrated in a narrow beam. The same directivity objectives 
can also be achieved by the use of reflectors and lenses. Parabolic 
reflectors are employed when it is convenient to build antennas 
with aperatures of many wavelengths. 

Arrays are commonly employed at lower frequencies. They 
are used upto about 1000 mc/s although in special case they may 
be used upto atleast 3,000 mc/s. Reflectors and lenses are most 
common above 1,000 mc/s, although parabolic reflectors are fairly 
common down to atleast 100 mc/s. Lenses are basically microwave 
devices, not ordinarily used below about 3000 mc/s. 

In frequency region around 1000 mc/s, the choice between an 
array and a paraboloidal reflector may sometime be difficult. 
Arrays are employed when scanning by array phasing is desired, 
whereas reflectors are indicated when broad band operation or low 
noise temperature is desired. Sometimes a combination — a linear 
array feed and a parabolic cylinder reflector is employed. 

The principal advantage of lenses over reflector is that the feed 
and feed support structure do not block the aperture, for the rays 
are transmitted through the lense rather than returned towards the 
feed. Since feed for lenses can be placed farther off the optical 
axis, they can also be employed in applications requiring a beam 
that can be moved angularly with respect to the axis. Further 
permissible mechanical tolerances are somewhat greater for lenses 
than for reflectors. On the other hand, lense> are somewhat bulkier 
expensive for the same gain and bandwidth than are reflectors. But 
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these factors are less signet a. jet, short J££****°” 

Focussing by a Parabol^ R ^ arabol a re fl e cts the waves 
antenna is shown in figu l > focus into a parallel beam and 

X' farahola. This can he 

understood as follows • n c. a 

UDUCiai^ frnm a fixed 


* ; « > - ^rsss iss 

S$ u> C the^ perpendicular^ distance between that point A on the 

c3?ve and fixed line called direct™, l.e. 

FA 3 =A 3 C 3 ^ 

FA 2 =A 2 C 2 etc. 

Now we see from fig. 40 (b) that v a a p 

C 3 B 3 =C s A 3 +A 3 B 3 =FA 3 +A 3 B 3 


Also 


CtB.=C t A t +A z Bt 


FA 2 A'A%B 3 
:path FA 3 B 3 . 

■FA 2 -\~ A 2 B 2 

path FA 2 B 2 . 


C3B3 
path FA 3 B 3 


But C 3 B 3 —C 2 Bo, 

so that path W s *3 « path FA 2 B 2 . 

‘ b Or, in otherwords the length * 

tance between the directnx an P cufve means that the 

Jta“oVaU e waves ^'arriving at the aperture are the same and 
plane wmefront is created in the aperture plane. 


a • a 



i ; I plape mve- 

ppoa/t after 

l | PEFL ECT/OP 

I I ! RAYALMAyS X 

TO H/AY£ FROPT 


■APERTURE 


Cy- 

<*~ 

Q~ 




J ,5 2 

1ft 



SOURCE AT FOCUS 
'OCC/S 

I 


SPREE /CAL WAVE FRO PT 
! ! QEFQPE PEFLFCPOP 


VERTt 


L PLANE 

r WAVE FRONT 


i l PARASOL 'C REFL EC TOE 


OZREC7R/A 


(&) 


(SI 


Fie. 40. Parabolic reflector focussing action 
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bein'r^ec^e^t^ 0 ^SSSiSTST" : A *«** 

reflector, being a carved surface, is a three dimensional “b^ 



POJA/T 
SOUfiCS 



(♦) 


( 4 ) 


ThprA Flg 1- Parabo,oid and Parabolic cylinder reflector. 

formL u* two . types of such a curved surface: one is paraboloid 
and th,* by , r ° tat } n 8 the parabola about its axis shown in fig 4i (a) 

parabola o flv 'Id Cyl ' nder r °™<> »y uZSiag tbi 

? - l L* h ^he aperture diameter of a paraboloid 
y range from few inches to thousand feet. 

Field distribution across the aperture of Parabolic Reflector • 

t V For Cylindrical Parabola : 

, et a line source be placed at the 
focus along Z-axis. 

plane 6t ^ be isotro P io in XY 

j„_ ? u PP° se p v is the power 
density at point A distant /from 

£axis. Then power P' ia a strip 

t iufte AB { ~ dy) and breadtd 



fOCt/S 


o~o 

SOt/fiCE 


^ //v *o/*Ecr/w 


P’=dzdyp v . v 

If breadth is taken as unity Fig 4 ? ... . , _ . 

i.e. dz= 1 or for a imi* Cylmrdical parabola; Z-axis 

in z-direction, the power in the strip ^ e [ pendiCular to plane of paper, 

c . P = Pv dy. ...fl) 

z-directfon^then “ ^ P ° WCr PCr Unit angle P er unit ,en gth in the 

c P=u' dd. n . 

bo that from equations (1) and (2), we get * 

P» 1 1 

...( 3 ) 


w 


dyjdd 


de (Ji sin *) 


where 


y—P sin $. 
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or 


or 


e 


Further we know that 

path length 2=path length 1 
R-\-R cos 6=L+L 

„ 2 L 

R ~\+cos 6‘ 
Therefore equation (3) assumes the form 

Pm 




1 


u 


d / 2L sin_0 

~d9 \ 1 +cos 0 
1-fcos 6 


2 L 


.••( 4 ) 


pprp 2 



path r 


\ 


Fig. 43. 


The ratio of power density p* at 6 to the power density p 0 at 
0 is 


P± 

Po 



1 +cos 6 
2 


Therefore, the relation in corresponding 
would be 


field 



intensities 



The expression gives the field intensity at a distance y fro 
axis as a function of E e — the field intensity at the vertex. 


II 



Equation (6) furnishes completely the information to sketch 
the secondary field pattern because E 0 , the field at the vertex, is 
merely the field due to the primary antenna placed at the tocus 
This means we can easily compute E 0 from the earlier methods 
once the type of the feed radiator or primary antenna is known to 
us and consequently, we can obtain E e . The form factor of field 
E g then decides the shape of secondary field pattern. The calcula- 
tion of E e easily leads to the computation of power and directivity. 

(b) For Paraboloid. A paraboloidal reflector is shownin 
fig. 44. An isotropic point source is located at the focus. Tne 
total power P through the annular section of radius r and width 

dr is 


P=2nr dr p r , 


...( 7 ) 
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where p, is the power density 
at a distance r from the axis. 

Suppose u is the power 
per unit solid angle, then the 
total power through the same 
annular section will be 

P—udui , 

where dio is the solid angle 
subtended by the annular sec- 
tion of radius r and width dr. 
It will be 
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doj 


dA cos 0 

P 3 

2vp sin 0 p dd 


2i t sin 0 dd 


Therefore, 

P— 2k sin 6 dO.u. 

From equations (7) and (8), we get 

Pr sin 0 
u ~r(drfd6) ’ 


...( 8 ) 


but 

r=p sin 0. 

2 L sin 6 




~ 1+cos 0 



we find 

Pr 

sin 0 



u / 2.L sin 0 

\ d 

(2L sin 0 ' 


\l+cos 0 
/1+cos 

)d0 

\ 1+cos 0 1 

1 


~\ 2 L ) 


2 L sin 6 \ 


(l+cos oy 
4L 2 

dd [ 

» 

1+cos 0 ) 


...(9) 


From equation (9), we atonce arrive at 

(1+cos By 

P, 4 L' 

p 0 ( 1 + cos 0) 2 


u 


(1+cos 0 )* 


4Z, 2 


u 


where p, and p 0 are the power 
respectively. Therefore relation in 
would be 

/ [Pj_ \ 

Eo \P, ) 
1+cos 6 


4 


densities at 0=0 and 0=0° 
corresponding field intensities 


2 
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(1+cos 0 ) 
2 ~ 



The expression gives the field intensity at a distance r from 
, the axis as a function of £ 0 — the field intensity at the axial point 

on the surface. 

Equation (10) furnishes the complete information to sketch 
secondary field pattern. E 0 , the field at the vertex due to the pri- 
mary antenna being known, E e is easily calculated and hence the 
calculations of power and directivity. 

Primary and Secondary Patterns : Field Radiators or Source : 

The field pattern of the feed radiator or source, called primary 
* radiator, is termed as primary pattern whereas the field pattern of 
the entire antenna including source and reflector is called the 
secondary pattern. 

(a) Isotropic Source : Suppose isotropic source is placed at 
the focus of a paraboloid to feed the latter. Then as is obvious 
from the figure 45 only shaded portion will te reflected back by 
paraboloid as a plane wave of circular cross section. 

If L is even multiple of A/4 then directed radiation from 
source will be in phase opposition to reflected radiation because 
distance travelled by direct radiation will be 

FK=L=/?A/4, 
where n = 2, 4, 6,... 

= A/2, A, 3A/2, .. 

so that at point V phase will be reversed and thus direct radiation 



• **/4 

Fig. 40. Reflectors with Isotropic source. 


will cancel the central region of the reflected wave. If, however, 
£ is odd multiple of A/4 then 

FV=L=n\l4, where n= 1, 3, 5... 

= A/4, 3A/4, 5A/4,... 

so that at point V phase is not reversed and then the direct radia- 
tion in this case will reinforce the central region of the reflected 
wave. We observe that primary antenna lies in the path of the 
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S£COMM> 

MTT£f?P 


reflected wave. This situation gives rise to two main disadvan 
tages : 

(/) primary antenna acts as an 
obstruction and thus blocks the central 
portion of the aperture, 

(it) reflected waves from central 
portion of the reflector interact with 
the primary antenna and result in mis- 
matching. 

To avoid these effects, primary 
antenna may be displaced to one side 
and only a portion of reflector is used 
as shown in fig 46. 

( b ) Other Feed Radiators : Suitable 

directional patterns may be achieved by 
using various types of primary radiators. 

One such radiator, horn antenna, is shown in fig. 46. We shall 
not enter into the the details. 




pp/mppy 

p/trrppp 


POP/f 



Fig. 46. Reflector with 
horn antenna as feeder. 


Illumination Tapper : The radiation from the feed is called the 
* illumination ’ of the reflector. ppm/sp»£pp^l 

PP/M 4 /?y 

PHrr&WV r~^*P£LAT/l/£ 

P/£U> /P7EA/SS7V 


//.timwr/av 


SOUPCP 


The variation of the intensity 
of radiation over the aperture 
is called ‘ illumination taper.' 

The ratio of the power density 
at the edge of the aperture to 
that at the centre is called 
'edge taper ’ : 

With hemispherical prim- 
ary pattern, as shown in 
fig. 47, the amplitude of relative 

field intensity is tapered. An Fig. 47. Hemispherical primary 
excessive taper causes the loss pattern. 

of gain and sharpness of the pattern is reduced but, on the other 
hand, too little taper results in unnecessary appearance of the side 
lobes and back lobes. 




28 19. RECTANGULAR HORNS : 

A broad class of radiating antennas, particularly useful in the 
microwave region, are horn type radiators, paraboloidal reflectors, 
and lenses. In each case electromagnetic energy must pass 
through a physically distinct aperture. It is possible to show that 
the field in the aperture behaves like an equivalent source. Ihis 
fact is related to the Huygen’s principle which states that each ele- 
ment of a wavefront may be considered as a secondary source. By 
‘equivalent theorem’ we can replace an element of area of an adva- 
ncing wavefront (say dx dy if z is the direction of propagation) by 
electric and magnetic current elements. Therefore, in order to 
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calculate the field at a point due to aperture radiation, we shall 
simply determine the radiation fields of these current elements. In 
Chapter 27 we have pictured the field configuration inside the 
guide operating in TE U 0 mode. Obviously, there exists field distri- 
bution across the mouth of the guide. By the concept of ‘equivalent 
source’, one can explain the action of a horn as though the mouth 
of the horn is replaced by a distribution of elementary dipoles in 
which each dipoie radiates a field, proportional to £(l-fcos0), 
where 6 is the angle measured with respect to the direction in 
which the horn points, and E is the intensity of the electric field 
where the dipole is assumed to exist. Dipoles are polarised in the 
same direction as the electric field at the mouth of the horn. The 
actual field pattern of the radiation from the horn is the summa- 
tion of the radiated fields produced by all these elementary dipoles 
as obtained on integration. 


If a rectangular aperture lies in the yz-plane of a cartesian 
coordinate system witn its centre at the origin, then the beam axis 
will coincide with the x-coordinate axis. If the sides of the aperture 
rectangle are parallel to the y-axis and z-axis, the pattern in the 
xy-plane is given by the integral : 



where a is the azimuth angle in the xv-plane and D v is the length 
of the aperture in the y dimension. The corresponding expression 
for the xz plane pattern is obtained by putting z for y everywhere 
in the above relation and substituting cos /8 for sin a. where |3 is 
azimuth angle in xy plane. 


The solution of this integral is 


sin 


7i D v sin a 


t (a) 


^ t Dy sin a \ 


A 


> 


This pattern is often plotted in terms of a coordinate designa- 
ted u, defined as 


re D v sin a 



so that the solution of the 

E{u) 


integral is written as 
sin u 

u 



At u= 0, this expression is indeter 
calculus, it can be shown that 


ii 


inate so that, 


by differ en- 


Lim cos u du 
u—>0 E (u) 


1 
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or atu=0, E (it) 
normalised field is 


1 which is maximum value of E(u) so that 


E n (u) 


E (u) 


sin u 


£(W) IlimO U ' 

• ^ “iT 7 !’ ^‘ 7Tf 3w etc., E„ (u)=0. Therefore these values of 

u give null directions. At u=3n/2, 5n/2, 1 "itI2, secondary maxima 
occur • 

In order to secure greater directivity, a waveguide can be 

flared out to form an electro- magnetic horn. There can be various 

types of horn antennas e g., rectangular horns, circular horns. In 

fig. 48 only rectangular horns are shown. Rectangular horns are 
fed from rectangular waveguides. 

Such radiators concentrate the radiated wave into a sharply 
defined pattern and are capable of giving^highly directional patterns 
when the mouth of the guide has 
a dimension large compared with 
wavelength. At microwave fre- 
quencies (A=l cm.), horns be- 
come practical because since then 
a dimension large compared with 
wavelength does not involve 
excessive physical size. 


A rectangular guide flared 
out in one plane only constitutes 
a sectoral horn, whereas a guide 
flared out in both the planes 
forms a pyramidal horn as shown 
in figs. 48 (a), (b), and (c). 

Assume that rectangular 
wave-guide is operating in TE X , 0 

mode (E in j-direction or vertical 
and H in x-direction or horizon- 
tal). Then horn shown in 
fig. 48 (a) is flared out in H plane 



(a) S£CrCML //-PL/1AP 



•P/AW£ 



<.c) pyp/t/w&v. 


Figs 48. 


Types of rectangular 

horn antenna Arrows 
on the aperiure indi- 
cate the efeciric field E. 


and is therefore called a sectoral 
horn flared in //-plane or simply 
//-plane sectoral horn. Similarly, 

horn, shown in fig. 48 ( b ) is flared out in E-p ane and is named as 

E plane sectoral horn. When horn is flared in both planes, it is 
called pyramidal horn. 

• P a ttern obtained by exciting a horn radiator is deter- 

mined by the shape and dimensions of the mouth measured in wave- 
lengths, and the variations in the magnitude and phase of the field 
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distribution produced across the mouth of the horn. The nature 
of the field distribution across the mouth opening is determined by 
the horn’s shape and by the mode of excitation. The relative 

phases of the field at different parts of the mouth are determined 
* by the relative distances of different -parts of the opening fiom the 
throat to the horn and are also influenced by the mode of excita- 
tion where higher order modes are involved. 


Optimum Horn Dimensions : It has been observed experimen- 
tally that the directivity of horn, for given aperture dimensions, is 
maximum if the field distribution over the aperture is uniform. 
Variations in magnitude or phase of field across the aperture 
decreases the directivity (or increases the beamwidth and side 

lobes). 


To obtain uniform field distribution across the aperture, a 
very long horn with small flare angle is required, but a long horn 
is not convenient from practical stand point. Therefore, an appro- 
ximate horn length that compromises well with directivity require- 
ment and practical convenience is chosen. Such a horn is called 
an optimum horn. To calculate the dimensions of optimum horn, 
we proceed as follows : 

Let us consider the longitudinal section of sectoral H - plane 
horn as shown in fig. 49. Let 

L be the axial length of horn (from throat to the aperture), 

j> 0 be the total flare angle, (it is in horizontal plane), 

A be the aperture, 

8 be the difference in path length of the two waves-one reach- 
ing aperture at the axial point and the other reaching aper- 
ture at the side of horn. 



• Fig. 40. 

Field distribution over the entire aperture is uniform provided 
8 is only a very small fraction of a wavelength. F or a constant 
length L, the directivity of horn increases as the aperture A and 


1290 


Hand Book of Electronics 


flare angle <f> 0 are increased, 
then the ratio 

L 


If the flare angle is not very iarge, 


L+S 


~ 1 , 


so that the wave that reaches the axial point and the side point of the 
aperture do not have any significant phase difference and the effect 
of 8 on the distribution of field magnitude over the aperture can be 
neglected. However, if A and <f> 0 are so iarge as to make 8 equiva- 
lent to 180° electrical degrees, the phase of the wave reaching the 
side point will be reversed compared to the phase of the wave reach- 
ing the axial point of the aperture. This results in the decrease of 
directivity, increasing thereby the beamwidth and side lobes. The 
maximum directivity occurs at the largest flare angle for which 8 
does not exceed a certain value (S 0 ). Thus the optimum horn 
dimensions can be related by 

4sr cos " 2 


or 

^0 = 

= — 
cos <f> 0 /2. 

...d) 

or 


§o cos <f>J2 

1— cos <f> 0 / 2 

jr 

...(2) 

or 

4> ti = 

= 2 L+8.. 

...(3) 


These relations determine the optimum horn dimensions. The 
value of S 0 usually preferred lies in the range of 0T to 0’4 free 
space wavelength.* Suppose we want to calculate the flare angle 
for the maximum directivity of a 10 wavelength optimum horn 
(L=10A) with 8 0 = 0'25A then from equation (3), we have 

^o= 26 °. 

We can estimate length L of the horn. Guides are preferred at 
a/id above 30,000 mc/s. So that A is 10 cm. This means flared 
length will be only 10 cm. in the case of L=10A. 

Field Patterns : In fig. 50 (a) and 50(6) ; E plane cross section 
and H plane cross section are shown respectively. 0 O is the total 
flare angle in E plane {vertical plane) and <f> 0 is the tolal flare angle 
in H plane {horizontal plane). Let Ae and Ah denote the apertures 

in E plane and H plane respectively and guide is excited in TE it0 
mode. 

When the aperture in both planes of a rectangular horn exceeds 
one wavelength, the pattern in one plane is substantially independent 
ot the aperture in other plane. This means that H plane patterns of 
a H plane sectoral horn fig 48 (a) and a pyramidal horn with the 


♦Since wavelength in horn X* depends upon the horn dimensions, it is 
more convenient to express 8 0 in terms of free space wavelength X. 
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same H plane cross section, fig. 48 (c), will be the same. Same is 
true for E plane patterns. 




Fig. 50. 

P-2\ /P =SA P~mA 





£ PLANE 





H PLANE 


Fig. 51. (a). Measured E and H plane patterns of rectangul r horn 

operating in TE lt0 mode, as a function of horn length 









£ PLANE 


50 * 

Q £ PLANE 


Fig. 51. ( b ). Measured E and H plane patterns of rectangular horns. 

operating in TE li0 mode, as a function of flare angle. 

Measured patterns in E plane and H plane are compared as 
a function of R in fig. 51 (tf) and as a function of corresponding 
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flare angles 9 0 and 6 0 in fig. 51 ( b ). In fig. 51 ( a ) it is to be noted 
that E plane patterns have minor lobes whereas plane patterns 
have practically none. Same is true about patterns in fig. 51 ( b j. 

Field Calculation : W. L. Barrow and L.J. Chu in 1936 have 
shown by developing from Maxwell’s equations a wave equation in 
cylindrical coordinates subject to the boundary conditions at the 
v-alls of the horn, that the fields inside the E plane sectoral norc 
are given, in terras of cylindrical coordinates ,r, 6, z), by 

cos [ffjW (kr)+K,H^ ( kr)] 


where 


Hr 


H: 


M. i 

l JLCbW 

m> 

flOJ 


sin 


7TZ 


) W 2) ( kr)+K 2 H ^ (kr)] 


COS 


7TZ 


[H 0 ™ (kr)+K t H 0 W (kr)] 


/^ 1 =complex constant, 

/w 2 = ratio of reflected to incident wave amplitudes at a 
point in. the horn. 


A 


^ / 


H 

// 0 (1) 


height of horn, 

Hankel function of first kind and zere order, 
Hankel function of second kind and zero order, 
: Hankel function of first kind and first order, 
Hankel function of second kind and first order. 


28 20. SELF AND MUTUAL IMPEDANCES OF ANTENNAS : 


The impedance presented by an antenna to a transmission line 
is termed as terminal or driving point impedance. If the antenna is 
remote from ground or other objects and is lossless then this impe- 
dance is the same as the self impedance of the antenna. This impe- 
dance has both reactive and resistive components, respectively 
termed as self reactance and self resistance (radiation resistance). 
In case the antenna is not isolated but is placed in the vicinity of 
another antenna then the two act as if they are coupled Mutual 
impedance then comes into play. The magnitude and phase angle 
of mutual impedance depend upon spacing and geometrical con- 
figuration of the two antenna systems. 

We shall use induced e.m.f. method to determine the self 
impedance of an antenna. In this method the electric field E t pro- 
duced parallel to the antenna by a known (or assumed) current dis- 
tribution is calculated and used to compute the voltage E 2 dz 

induced in each element dz of the antenna. Then the reciprocity 
theorem is invoked to determine the voltage at the antennas termi- 
nals. The reciprocity theorem may be stated as follows : If an 
e. m . /. is applied to the terminals of an antenna A and the curient is 
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measured at the terminals of another antenna B, then an equal current 
(in both amplitude and phase) will be obtained at terminals cf 
antenna A if the same e. m. f, is applied to the terminals of antenna B. 
Therefore 


V A V B 

J- =Z.ab=£ba= Yf » 

where Zab or Z BA is termed as transfer impedance. 

It is, however, assumed that e.m.fs. are of the same frequency 
and that the medium is linear, passive, and also isotropic. The 
reciprocity theorem holds not only for two separate antennas but 
also for two points on the same antenna. 

SELF-IMPEDANCE OF A THIN LINEAR ANTENNA ; 

A centre fed linear A/2 antenna with sinusoidal current distri- 
bution is shown in the figure 52. 

The current distribution along the ^ 7- 

length of the antenna is given by 

4=/i sin flz. ..-I 1 ) 

Obviously we are considering only 
those lengths for which at centre point l z — l x 
that is odd multiple of A/2. The assumed 
current distribution is then symmetrical with 
a current maximum at the terminals. 

Suppose V u is the e.m.f. applied at the 
terminals of the antenna, producing a current 
I» at a distance z from the lower end. Then 
transfer impedance Z u is 

Z 





1 


Fig. 52. 




...( 2 ) 


Let the applied field at the antenna and parallel to it be E z . 
This is the field produced by the own current of the antenna. This 
field induces a field E zi at the conductor such that the boundary 
conditions are satisfied. For a perfect conductor these are that the 
total field is zero or that 

Ez~\r E t i — 0 

and therefore, 

E zi = —E t . ...(3) 

The e.m.f. dV z produced by the induced field over a length dz 

»s - Ez dz 

or dV s = — Ez dz. ...(4) 

If the antenna is short-circuited this e.m.f. will produce a cur- 
rent dl x at the terminals. Then the transfer impedance Z zi is given 
by 


dV t 


n 


’ 


...(5) 
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and 


According to reciprocity theorem, 

Vn_ 7 _ 7 _ dV._ 

U lu —dU 

V n dl x = —IzEz dz. 


E. dz 


...( 6 ) 


Z 


ii 




The driving point or terminal impedance is then 

_Vn 

"A* 

Since it is constant and independent of current amplitude 
(system being linear , we can write 

dV u 


Z 


n 


or 


~ dl x 
Vn_dV„ 


.. (*) 


I 


. dl x 

giving V n dI l =dV 11 I v 

On applying equation (6), we get 




dV 


L 


a 


A 


or 


V 


11 




Ei dz. 


I.E 2 dz, 


...( 10 ) 

...(H) 


where the integration is carried over the length of the antenna 
Therefore terminal impedance is 


Z 


ii 


Vn 

A 



h E t dz. 


...( 12 ) 


Since the antenna is isolated Z u is called the self-impedance. 
Putting the value of I z from eq. (1), we get 

...( 13 ) 


Z 


ii 


1 f L 

I Ei sin $z dz. 
*i Jo 


As stated earlier E t is the field produced at the antenna by its 
own current, we denote it by E n in place of E z , so that 

...( 14 ) 


Z 


u 


1 f L 

y- \ En sin $z dz, 
M Jo 


which is the final expression for the calculation of self impedance 
provided we put in it the expression for E n which is yet to be cal- 
culated. 

Calculation of E n : If V be retarded scalar potential due to 
the charges on the antenna and A the retarded vector potential, 
then electric field is 

E = - V V-ju j A 

or E e =- 1^-jwAi. ...(15) 

dz 

We have shown in the article of current element that 

. i d\ 


4 nr * 
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which for the present case be- 
comes 

^H^So Iz ' dZi - 

From equation (1), including 
retarded time factor, we can write 

Iz l =l 1 sin f iz 1 
so that 


pit e iut f L sin $z 1 .e~ i ’ lr 




dz i 



jl j.Ii e Ut C L e~v 


Fig. 53. 


8rc 


dz x 


The scalar potential V at any point is given by 


...( 1 ) 


V 


wiil^ 


dv 


where P is the volume charge density. In the case of wire it can be 
reduced to 


V 


I_r pl 

r 


dz 


If 


Nation* * S the lineaf char ° e densit y on the wire. From continuity 


PL 


dl 


dt 


dzi 

jl\ e i ~ t [ L cos Pzi e~W r 

477€C 


dz 


JO 


CO 


in which we have put ~=c. Therefore 


e Ju)t JL e -1J(8x+r) e JP(zi-r) 

Pl = -?> | dz 

07T€C n r 1 


Putting equations (16) and (17) in equation (15), we get 


...(17) 


jl\ e Ju,t j L d [e~ j PVi+ r >+e J M*i~ r) 


877CC 


dz 



+ 


C 0 


l x e iu>t f £ T +f ) 

8* Jo L r 




dz x 


Jhe> 


Oit 


where 


47l€C 


lerto'x e^ r i \ 
\ r x + r 2 ) 


...( 18 ) 


r i=z 
Ti — L—Z 



the antenna. 
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Putting these values of r x and r 2 , we write finally for « 
field at the antenna due to its own current, as 

r vmr re-”’ -j 

11 — ■' 30/i [-r + -L=r-\ 

in which we have put 

1 120tt 


...( 1 ! 


and 


7T€C 

e i»t 


Arc 


30 


i, 


the absolute value. 


Calculation of self impedance : We now put equation (19) in 
equation (14) to find the value of self impedance. Therefore, 


Z 


W3° j; [ 


z L—z 


j sin pz dz. 


...(2 


As already written, we have taken odd multiple of A/2 as tl 
length of the antenna. Therefore, 

L=n\/2, n = 1, 3, 5... 

and then — e ~ jWn = — 1 , 


so that equation (20) becomes 


sin Pz dz 


e~ Je *) dz 



dz + 15 t 

0 z J 0 

In the first integral let 

«/=2Pz or du=2fi dz 

so that 


dz. 


...( 21 ) 


15 



e ~2Jfr 


dz 


In the second integral let 


I 


...( 22 ) 


v 


so that 


(L—z) or dv— — 2p dz 


15 


L \— e Ufr 


L 


dz 


15 


e 1(2vn~T) 


dv 


. - f 2nn i 

ij 


-i* 


dv. 


v 


...(23) 


Since equations (22) and (23) are definite integrals of identica^ 
form and as their limits are the same, they are equal. Hence equa- 
tion becomes 
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Z„= 30 


2 *n 1 


Ju. 


u 


U 


Putting w 





CL> 


d(JJ> 


which is an exponential integral with imaginary argument 
designated by Ein(jy), where y—2nn. Thus 


..(24) 

It is 


Ein{ jy . 



— dm 


at 


...(25) 


...(26) 

■ • (27) 


where Cin (y) and Si (>) dSote thi cosine and sine integrals repeo 

t ' ve1 ^ Ein (jy )— 0 577 + log, v—Ci (y) +jSi (in- 

putting this value in equation [24), we get 

Z„ = i?u+/A r u = 30 [Cin (2nn)+jSi (2nn)] 

U =30 io-577+'og e y-Ci ^)+;S/(2*n)] ohms 

Therefore the self resistance is 

^ U =30 [O-577 + loge (2 vri)—Ci (2rm)] ohms, 
and the self reactance is 

y =30 Si (2nn) ohms. , ... Dw 

tance and self reactance of that antenna length. For example, 
one half wavelength antenna (n— 1). 

7? u =30 Cm (2n) 
and An =30 Si (2tc) 

Evaluating these ... i*** « 

For the antenna W be rtson'ant one*,, should be zero which 

can be achieved by shortening the antenna a few P« cen 

For « = 3, the | wavelength antenna, the self impedance can 

be shown to be 3() (C ,„ , fc) +ySi (6«)] 

105*5-4-/45*5 ohms. 

For large value of ", the self resistance expression (26) approa- 
ches the value 30 , 0 . 577+ l O g, (2n")l . .. 

because Cl (2nn) approaches zero. Thus, wi-h mcreastng ", self 
resistance continues to increase at a logarithmic rate. 

MUTUAL IMPEDANCE : . . _ . . th p neeative 

ratio £ thecurrSt Z t flowing 

in circuit 1 with circuit 2 open. That is 

V. 


z 


21 


21 

A 
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We consider two parallel coupled antennas shown in fig. 54(c)* 

Suppose a current in antenna 1 
induces an e.m.f. V S1 at the open terminals 
of antenna 2. Then the ratio of — F 21 to /, 
is the mutual impedance Z 2l . Thus 


Z 


V 


21 


21 


ir u 7l *.(28) 

it the generator is connected to the 
antenna 2, then by reciprocity theorem 

-r, 2 


•Zl2 - 


/. 


2 


...(29) 



Thus 


V* 


/« 


Z 21 — z 


V 


Fig. 54 (a) 


12 


12 


.. (30) 


eauation n n C ^ ,CU ^^u n ret J“ ire /*i and /,. Refer to 

equation ( n ) m which - V n is the e.m.f. induced in an antenna by 

own current. To find V n the e.m.f. induced at the open ter- 
minals of antenna 2 by the current in antenna 1, we get 


and 




21 


h = I 2 

in equation (Jl), so that 


V 


21 



where / 2 is the maximum current and /* the value at a distance z 
from the lower end of antenna 2 with its terminals closed, and 
where E ?l j$ the electric field along antenna 2 produced by the 

current in antenna 1. Assuming that this current distribution is 
sinusoidal, i.e. 

It— I t sin pz. 


we can write 


V 


21 


then 


l 


Z 


-v v 


21 


II 1 1 Jo 

We f hall use this expression to calculate the mutual impedance 
arallel antenna placed side bv side. 


1 f L 

- 1 Ej, sin Pz dz 
h Jo 


of parallel antenna placed side by side. 
We have from figure 54 ( b ) 

r i = V (d 2 + z 2 ) 

and r 2 = V{^+a-z) 2 } 

so that mutual impedance is 

7 -in fM ,~JMd 2 +z 2 ) 

Z n =j30 I 


V(d*+z 2 ) 

JPVld’+iL- zf ] 






Fig. 54. (b) 
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£)}1 


-m 


=30 1 20 (-«-«{-# 

where the expcne ?)±/a( ,, 

Thus the mutual resistance is 

*,i=30 [20 (M-O «• <^’+^+ L » (v((p+i , ) 

and the mutual reactance is 

y — — 30 [2Si ($d)—Si {P(V(^+ L )+ L )^ 

WhCrC R n +jX n =Z n ^Ru+jX'u 

Fxsmole A vertical half wave parasitic antenna is P lacei ° t a 

t£2f?,SB ££j&££ss* 

power radiated by first (primary) antenna 

P x =- ii*Zn+Ai ^ 2 ^ 12)1 

where /, is the current flowing in the second antenna. 

If Z a * denotes the impedance of the second antenna, then the 

power radiated by antenna 2 will be 

Pt=h*Z n +h (A Z rO 

So the total power radiated by the system is 

P^Pl + Pi 

= =/ 1 2 Zii+/2 2 ^22 + ^^1^2^ia- ' 

In the question, the mutual impedance is given by 

Zia = 5 °-jT8 . 

Say Z n —r e~ l *=r cos O—ir sin 0 ; then comparing with its 
given value we should have 

r =V{50 ! + 18 1 ) 


and 


tan 6 


= 53T 
18 
50' 

= 198. 
19-8). 


/. 0= 

Thus Zij = 53 1 Z. ( 

Since the phase difference in 7, and I, is 90». they can be re- 
presented as 

/,=/. L 00 

Now we calculate ‘the values of 7>, and 7> , from the relations 
deduced previously, i-e. 
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Pl ~?F +A (hZ n ) 

=737,2+ ^ (-90) 53-1 / f— 19*83 
. =A 2 [73+53-1 cos 109 8]. ' 

We have considered on]v the rpnl n^t k. 

With "*“]? a„r„„ b a C i“^ We Th a o r°“' 

^*=54.95/t 53 1 x( -' 33874 )] 

Similarly, />,=/,. [73+53 1 Z (90-19-8)1 

-V (7.1+53-1 cos 70-2] 

= 91 # 05/ 2 J 

Thus total power^radiated' by the coupled system is 

= < iw 1 V f9l05)/,!if|/,l=l/ - 

Ef* 

*1 


146 


-m«v 2 °X 20 

— 1 ho X — watts 

73 x 73 

=10-95 watts. 

28 21. ANTENNA MEASUREMENTS : 

shaIldiscuss the measurements of 

U) total resistance of aerial, 
y.'J, radiation resistance and 
(its) effective height. 

generally adomed^ffr / esistance measurements: The methods, 

are given below : ^ measurement of total aerial resistance, 

(a) resistance variation method, 

(b) substitution method, and 

w a [ n 7? e j er an d voltmeter method. 
y*e shall describe the first two methods : 

A/f Resistance Variation 

Method : An equivalent A/4 aerial 
is shown in figure 55 (a). A 

thermo-ammeter A and a known 

resistance R l which must be non- 

inductive and non-capacitive are 

connected to earth lead of the 
aerial. 

By means of switch S, R, 
can be introduced into the cir- 
cuit or shunted off. Carrier 
wave oscillator is loosely cou- 
pled to a small coil L. We 
proceed as follows : 

sistance /? S ^ ort; ' C)r ^ cu d re " Fig. 55(a). Measurement of aerial 

instance R, and tune the aeria 1 , esislaoee 


Loose 

Cot//j//>7gr ^ 

t 


C.tv. 

0 sc/7/o tor 




Cor/&tf 


\ 


w 

\ 


\ 

\ 
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to resonance. Let the aerial current in this case be /j and total 
effective resistance of aerial be R 0 , then 



where e is the voltage induced in the coil. 

07) Now switch R x into the circuit, so that aerial current falls 
to some other value, say, / 2 . Since the aerial is resonant, we may 
write 

e 

> /?=r Rx+R, ' 

Therefore from first and second relations, we have 

It R! + R* 

To ~ Ro ’ 

R l being known resistance, R 0 can be calculated. 

( b ) Substitution metiiod : Fig. 55 ( b ) represents an equivalent 
A/4 aerial. 

In this method, an artificial aerial is substituted in-place of an 
actual aerial with the help ot a change over switch. When switch 
is changed in actual aerial direction, then the latter has its circuit 
completed to earth through ammeter A and coupling coil. Second- 
ly, if the switch is changed over in other direction, then substitute 
aerial comes into the circuit. 

The procedure is to obtain the same current value in ammeter 
*/T with actual and artificial aerials separately with a given input 
from carrier wave oscillator. First with a given input, the current 
is noted for the actual aerial being in the circuit. Now' switch is 
changed over so as to introduce the substitution aerial. The cons- 
tants of this circuit are adjusted to give the same value of current. 
If artificial aerial components are calibrated, aerial resistance and 
* aerial capacity can be reod directly. It is necessary that the resis- 
tance of artificial circuit should be non inductive and non-capaci- 
tive and capacity itself should be pure. 



\l/ 
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| Sw/Vcb 
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Fig. 55 (fc) Measurement of aerial resistanc; (substilutio method). 
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(ii) Measurement of Radiation Resistance ; The radiation 
resistance of test antenna (resonant) is measured in terms of soire 
standard antenna constants by employing a reflection method. 

Consider that a half-wavelength resonant antenna 1 under test 
is placed in the field of transmitting antenna. The reflected power, 

received by another antenna is measured. The power radiated by 
the antenna under test is 




(E'.lex)* 


Ri 


...( 1 ) 


where E t — field of transmitting antenna at the antenna 1 under -* 

test, 

l 01 — effective length of resonant test antenna 1, 

R.=radiation resistance of resonant test antenna 1, 

K— constant involving the distance between antennas. 

Now we take some standard half-wavelength resonant antenna 
2 (i.e., whose radiation resistance is known) of different thick* 


Antenna 
under test 


ftece/ver 

Ind/cafo/' 




Transm/ter 

Fig. 55 (c) Measurement of radiation resistance by reflection method. 

ness and hence different effective length l 9i , but substantially of the 
same pattern. The reflected power by this antenna 2 will te 


P«^K. 


( E t .i e2 y 

R 2 • - ( 2 ) 

where /^effective length of antenna 2, 

i? 2 =radiation resistance of antenna 2, / 

K— same constant as in previous case with test antenna. 
Thus from equations (1) and (2), we get 

Rj R} ( lei\ 2 

Ri ~Pi \lj 0) 

Assuming the small changes in length, the effective length i* 
proportional to the physical length / 2 of antenna 1 and / 2 ot 
tenna 2, we write 


f 


.m 

% 


R» P , (L \ 2 
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/ y \ 3s 

The ratio y can be measured in terms of the ratio ^yj , 


, , rr vnltaoe received when test antenna 1 is observed. 

^ K =vol!a|e received whe „ standatd anteuna 2 ,s observed. 

1 Po// 1 \* 

Thus 

The right-hand side being known, the radiation resistance Rr 
of antenna 1 can be calcula ed. 

(iii) Effective Height Determination : In equation (3) of 
art. 28 9 it has been shown that 


In equation (3) of 


377/f.m-i- h vo it/inetre. 
Ar 


From this relation effective height can be calculated since 

ie== wn 7 ^ - (5) 

in order to calculate ^ 

strength 8 at a point distant 5A fro e de , up0Q the accuracy 

^S'ficf^^^pcasured. 

* a P c °ndenser and h aving a 

thermo milliammeter as shown in __ 

fig. 55 (rf). If 

It can be shown that e.m.f indu- ^ 

ced in the loop aerial is given by ^ 

2nAS> o 

— — 9 

wnere A is area of the loop. I 

This loop e. m. f. will produce a J | 

resonant current I determined by the 

resistance of the circuit and is given by ( A j| 

e=IR. T ^ 


...( 6 ) 


^ — -J 

tiw/hg capa err os? 

Fig 55(d). Measuremen 

of effective height. 


2*6.4 — j 1 K 

Therefore, e=IR — — — • •••W rw//HG ca pa err or 

i if £ ic Fig 55(d). Measuremen 

rfffJ 

mte' d°Tnrcn b/usiogJelafion'lS) effective height is calculated 

28 22. BROAD-BAND ANTENNA PRINCIPLES : 

First we shall explain how the input impedance and paitern 
properties of an antenna change with the change in frequency. 

propel exhibit maxima and minima at particular frequencies. 
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For example, we consider centre fed half wave antenna. At the 
frequency at which its length is approximately (accounting for end 
effects) a half wavelength, the reactive component of input impe- 
dance is minimum (zero) [that is, input impedance is purely resistive]. 
This frequency is called rosonant frequency. Below this frequency 
antenna impedance becomes capacitive and above it, impedance 
becomes inductive [Refer to impedance curves of open ended trans- 
mission line remembering that a half wavelength antenna corres- 
ponds to a quarter wave open circuited transmission line] At even 
multiple of this frequency input reactance is maximum, and 
minimum at an odd multiple of this frequency. Thus with frequ- 
ency variation, input impedance goes through maximum and mini- 
mum values. Similarly, the radiation which is maximum in the 
direction perpendicular to the dipole when length is A/2 also goes 
through successive maxima and minima when the frequency is 
increased Since this pattern property does not exhibit same nature 
of variation instep with the variation in input impedance with the 
increase in frequency, we shall consider pattern and impedance 
bandwidths separately. 

At the lower frequencies ELF (below 3 kc/s\ VLF (3-30 kc/s) 
and LF (30-300 kc/s), efficiency is the main requirement. Although 
antennas in these frequency ranges are quite large physically, they 
fall in the class of electrically small antennas because of the large 
dimensions of a wavelength. At MF (300 Kc/s — 3 Mc/s) which 
include ‘broadcast band’, tower antennas are frequently employed 
in case where efficiency is the prime factor, and arrays of towers are 
employed if directivity is desired. For reception in this band effici- 
ency is unimportant and relatively short wire antennas suffice. At 
HF (3 — 30 Mc/s), VHF (30 - 300 Mc/s) and UHF(2> 00 Mc/s-3Gc/s) 
elevated wires and rods are used and arrays of such antennas are 
designed to provide more directivity. At such frequencies, the ope- 
ration over a large bandwidth is often required (say from 54-890 
Mc/s). the due consideration is to be given while designing the antenna 
or array, to maintain desired impedance and pattern characteristics 
over a wide band of frequencies. At SHF (3-30 Gc/s). aperature 
antennas are employed. At such frequencies the antenna design 
considerations include the production of a narrow beamwidth with 
low side-lobe level, and maintenance of the desired radiation pat- 
tern characteristics over a wide range of frequencies. 

In television transmitting systems it is necessary that the impe- 
dance match between the antenna and the transmission line leading 
from the transmitter be good enough to keep the reflection coefficient 
to within a very small value throughout the frequency band covered 
by the television signal. This bandwith is of the order of 5 mc/s in 
typical systems, and with ihe assigned television channels, is of the 
order of 10 to 15 percent of the carrier frequency. The maximum 
allowed reflection coefficient that can be tolerated is of the order of 
5 percent, which means that the vector impedance must not vary 
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more than ±10 percent from the mean value. Hence when the 
magnitude of the impedance is substantially constant over the band, 
the reactive component of the impedance must never exceed 10% 
of the resistive componnet. 


Band width of an antenna : It is the range of frequencies over 
which the antenna maintains certain require i impe dance, pattern 
characteristics. If an antenna were capable of operating satisfac- 
torily from a minimum frequency of 195 mc/s to a maximum 
frequency of 205 mc/s, its bandwidth would be 10 mc/s. It would 
also be said to have 5 percent bandwidth defined as 

actual bandwidth in mc/s 

XlOO. 

5 percent bandwidth may be considered a moderate bandwid h 

The design of an antenna which p required to operate only 
at a fixed frequency with a signal that is narrow in its bandwidth 
does not pose any bandwidth problem But some applications re- 
quire much greater bandwidths. In the case of frequency modulated 
waves, width of frequency spectrum that contains all components 
having an amplitude equal to or greater than one percent of the 
amplitude of unmodulated wave is defined as bandwidth Suppose 
a given wave has n significant side frequency pairs then bandwidth 

is equal to BW=2n 

Television signals have a bandwidth equal to 4 mc/s and there- 
fore a television intermediate frequency amplifier must have a band 
width of approximately 4 mc/s inorder to pass all frequency compo- 
nents of a television signal. By the same reason, a television trans- 
mitting antenna must also have atleast this bandwidth. A tele- 
vision receiving antenna, on the otherhand, must have sufficient 
bandwidth to receive all the channe's to which the receiving set 
can be tuned. 

The bandwidth is classified into two categories according to 
the parameters involved. They are 

ia) pattern bandwidth 

( b ) impedance bandwidth. 


centre frequency of the band 


In pattern bandwidth, antenna would maintain satisfactorily 
the parameters-beamwidth, gain, side-lobe level, beam direction, 
and polorization over that specified range of frequencies (called 
band width); whereas in impedance bandwidth, associated para- 
meters are input impedance, radiation resistance and efficiency that 
are satisfactorily maintained by the antenna while operating in 
that specified range of frequencies. 

The definition of the antenna bandwidth is less precise than 
the definitions of other parameters due to the fact that there is no 
established criterion of ‘satisfactory’ operation. In some applica- 
hons, for example, an impedance variation of a factor of 2 over 
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the operating frequency band may be acceptable, whereas in other 
applications only a 10 percent variation may be tolerated. 

Basic Broad-Band Principles : If a resonant circuit is ‘loaded’ 
by connecting or coupling a dissipative element (e.g., a resistor) to 
it, then 


would decrease. Decrease in Q implies increase in bandwidth 
i.e. sharpness of resonance, amplitude of variation of impedance 
and other properties will be reduced. This method of loading, 
however, decreases antenna efficiency. It is used in terminated 
rhombic and V antennas. However, a resistive loadirg is unneces- 
sary when ground losses and other conductor losses reduce the Q 
sufficiently. 

At higher fiequencies, conductor losses being low, simple 
antennas do not have adequate bandwidth. But at these frequencies, 
deliberate loading with resistance is seldom used. The methods 
employed td improve bandwidth are divided into two classes : 
those that apply to basic radiators, and those that apply to com- 
plex antennas such as arrays, reflector- feed combinations and lens 
antennas. The methods that apply to basic radiators, such as 
dipoles, are mostly geometric in nature. That is, bandwidth is 
increased by using certain shapes and certain size ratios. This 
method has helped in the development of the log-periodic antennas, 
or frequency independent antennas. Other methods apoly to com- 
plex antennas. Sometimes it is possible to combine elements whose 
vi nations of impedance or other properties are complementary in 
such a way that they tend to offset each other, as the frequency is 
increased. We shall, for example, discuss here that how increased 
bandwidth is achieved by a folded dipole. 

Folded Dipole : A folded dipole is preferred over a simple 
dipole due to the following two advantages : 

(/» it provides high input impedance for best matching with 

the feed which may be a two wire transmission line, and 

(it) the bandwidih is increased. 

„ We shall now explain how the above characteristics are 
achieved : 


(i) High Input impedance : A simple dipole has an input 
impedance that is too low for direct connection to an ordinary 
open wire transmission line. For example, a simple halfwave dipole 
will provide 73 ohms as the input resistance and the transmission 
lines have characteristic impedance of the order of not less than 
300 ohms. Therefore, for best matching, the line should be 
terminated by an impedance equal to 300 ohms otherwise reflec- 
tions on the line would occur. Therefore, with simple dipole, some 
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sort of impedance matching arrangement is required if the desirable 
condition of no standing wave on the line is required. However, 
with folded dipole no such arrangement is required because it 
offers a high input impedance. 

A tolded dipole is shown in the fig. 56. It consists of two half 


wave radiators very close to each other 
and connected together at top and bottom. 
From the point of view of antenna currents 
or radiating currents, the two elements are 
in parallel and if their diameters are the 
same, the currents in the elements will be 
equal and in the same direction. If I amp. 
current flows in each element (at the centre) 
the total effective current is 2/ amp , so 
that the power radiated will be 

(2 If B rai ks hx73/ 2 . 



Fig. 56 A folded dipole. 


Therefore input resi.tance will be 4x75 ohms. That is 4 times 
that of a simple dipole. 


(//) Increased Bandwidth : In fig. 57 ( a ) a simple half wave 


dipole connected at its input 

terminals to a shorted quarter 
wave transmission line is 

shown. We shall explain how 
this arrangement maintains the 
input resistance at its value 

when the frequency is changed 
above or below the resonance. 
That is how such an arrange 
ment reduces the input impe- 
dance variations with the vari- 




ation in frequency or in other 
woids impedance bandwidth is 
increased. 


Fig. 57 (a) Simple X/2 dip le con- 

nected at this input to a 
shotted quarter wave 
transmission line. 


Let us first remember that 
for a short circuited transmis- 
sion A/4 line, below resonance, 
input impedance becomes induc- 


( b ) a folded dipole 

J Q — antenna current 

J t — transmission line 

current. 


tive and above resonance, input impedance becomes capacitive. 
But for A/2 dipole which is equivalent to a open circuited A/4 line, 
this impedance variation is in reverse order that is, below reso- 
nance its input impedance will become capacitive whereas above 
lesonance it will be inductive. 


Now we discuss the arrangement shown in fig. 57 ( a ) that how 


the antenna impedance and transmission line impedance compen- 
sate the variations of each other frequency in order to leave input 
impedance of the system at resonant frequency unaffected. At the 
resonant frequency the dipole resistance is in parallel with the input 
impedance of the transmission line, which is a resistance of very 
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high value.* Below resonance, the antenna impedance becomes 
capacitive, but the transmission line impedance becomes inductive, 
and the parallel combination tends to remain nearer unity power 
factor than does the antenna alone. Conversely, above resonance 
the antenna impedance becomes inductive and the transmission 
line impedance becomes capacitive so that compensation is again 
obtained. Although compensation is far from perfect, because the 
susceptances are not equal and opposite, yet the frequency is 
shifted far enough in either direction from the resonant frequency 
of the dipole, a point of perfect susceptance compensation (where 
the input impedance is a pure resistance) is again obtained. 

The above considerations apply directly to the folded dipole 
of fig. 57 ( b ) which has the stub line as a built in feature. The ele- 
ments of the folded dipole then carry both, the antenna currents, 
which are in the same direction in the two elements, and the 
transmission line currents, which are in opposite directions in the 
two elements of dipole. The antenna currents 

/- v _ v 

Bin ^Krad 

in each element at the centre are relatively large at the resonant 
frequency whereas transmission line currents are zero at the centre, 

V 

but have the value at the ends, where Z ot is the charac- 

teristic impedance of each of the two shorted A/4 transmission line 
sections. 

Thus with folded dipole, input impedance is maintained subs- 
tantially constant over a large band of frequencies. This leads to 
the better matching between the transmission line and antenna 
over the wide range of frequencies. 

Multi-element Folded Dipole : 

The additional step up of the simple 
dipole impedance may be obtain d by add- 
ing more “folded” conductors. A three 
wire folded dipole is shown in fig. 56. its 
input impedance is approximately 9 times 
that of a single dipole which is 73 ohms. 

The step up ratio may be altered by mak- 
ing the folded conductors of different size 
from the basic conductor. 

A typical folded dipole for TV recep- 
tion is made of aluminium or plated steel 

•The input impedance ol a short circuited line is given by 

Z s —jZ 0 tan (3s. 

For s = A/4, 

Z s = co, 






7 







Fig. 58. A three wire 

folded dipole 


that is very high. 
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( Slot) 
CW0UC77/V9 

SH££ra? wo 


f/SSWV 


tubing i to \ inch in diameter. Since the dipole length is oerhans 

2 or 4 feet, tubing of this size provides necessary stiffness and 
strength to make it self supporting. d 

Even the folded dipoles ot the type discussed above are in- 
adequate to meet the rigid requirements of a high grade television 
transmitter with a 50 mc/s carrier. By combining two folded 
dipoles in a turnstile array, still further improvement is possible 

„^ SUP t l r(Ur , DStne AD ,' enna : A broad band dipole frequently 

nerfurnshle C eD tI ™ t [ ansmittl 'ng array, known as the su- 
penurnsfile, is shown in the 

fig- 59. This element is partly 
a dipole and partly a slotted 
sheet antenna The slot is verti- 
cal and ihe dipole horizontal ; 
hence the polarization is 
horizontal. It is fed by a 

balanced line at the centre of 
the slot. The input impedance 
is about 75 ohms. This radia- 
tor has a 30 to 35% impedance Fig 59. 

bandwidth for a voltage standing wave ratio not exceeding M ; 1. 
t br v °? d band Properties stem partly from large dipole widih and 

tarv imnp'd^ 6 fact . ,hat the dl p° le and the -slot have coinplemen- 

other Ts P th P vananon characteristics that tend to offset each 
oiner the frequency is varied. 

28 23. PRACTICAL TRANSMITTING ANTENNAS : 

(1) Transmitting antennas for frequencies below 500 kc. 
ci ** nf 9U € a°a range ) '• For . the transmission of low radio frequen- 
a nfP nL 0Unded . ver ‘ lcal wire type antennas are used. Such an 

inverted ^ t0 & USl ! a,ly arr anged in the form of an 

emunfi; u T ' and suffi ciently large so that its capacity to 
d - IS m ^ ch g rea jer as compared to the capacity between ver- 
and ground. Due to the latter cause, the effective height 

Thfs °f ‘- he transmittin g antenna arc nearly eqifal. 

nis, on the other hand, increases the radiation efficiency. 

becaiKplu^ fre . qUenC u S radiation resislance is usually very low 
Due tn th^ antenna height is only a small fraction of wavelength, 
is aKn ir. IS re i S °u P owcr radiated by low radio frequency antenna 

I, Si™ „ f ',f eref ° re *° enable ,hc a "“™ a “ ^ate ev™ 

tenna tim, : n The ^ rapedanL ' e 0sses occur in ,he ground, in the an- 
na tuning inductance, in the insulation of the conductors. 

au?ch Mi, n e a „cy n ra 0 „ f 8 ef‘ elreC '' V ' r,iCa ' tOWr radia '° rS arc 

towe?s he ^ dC . (>Ck uses base insulated and self supporting 

spacin’ 1 80 ° f fi°ur radiators with height 40 metres and 

•= m - t res on a diagonal. 
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(2) Transmitting antennas for frequencies 550-1500 kc. 
(Mid frequency range): The antenna used for such frequency ranges 
consists of a tower that functions as a vertical radiator. In some 
cases it is not feasible to construct a simple radiator of the requir- 
ed height because of some commercial air line passing nearby. 
For such cases, tower is top loaded which then gives the same 
field distribution in the vertical plane as is obtained with a simple 
vertical radiator of somewhat greater vertical height. Top-loading 
is usually in the form of a ring, spider or other equivalent arrange- 
ment providing a lumped capacity at the top of the tower. Since 
the amount of top loading can be modified, the equivalent electri- 
cal height of a top-loaded antenna is subject to change accordingly 
This factor shows that flexibility also demands the top-loading. 

The height of this vertical radiator is made either A/4 or grea- 
ter than A/2 For the antenna of height A/4, radiated field is nearly 
proportional to the cosine of the angle of elevation. With antenna 
heights of the order of A/2 or slightly greater, energy is much 
concentrated along the horizontal plane and consequently at high 
vertical angles, radiation is reduced. A height of C-25A gives the 
maximum concentration of radiation along the horizontal but at 
such a height undesirable large lobe radiation appears at high 
angles and hence does not suit much. The optimum value of height 
depends upon the 

(/) transmitter power. 

(ii) transmitter frequency and 

(Hi) earth connections. 

Radiation efficiency of a tower antenna is 80% or 90% when 
its length is atleast A/4 and a ground system is employed. 

There are, however, two ways of exciting the tower antenna : 

(a) Series excitation : In such a type of excitation, radio fre* 
quency voltage is applied between the lower end of the tower and 
ground. 

(b) Shunt excitation : In this type of excitation, the tower 



Fig. 60 . Shunt-excited grounded vertical radiator. 
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miy be grounded and !he exciting voltage is applied across a sec- 
Sta taiET fig ' 60 a xc it =d PP gro„„ded vertical 

„ In 5113,1 a case .‘ lo ? p 23452 carries a current which deveions a 

of the tower. The reactance of the loop is tSSed by means of 
condenser 5. 

Losses : When the ground system is employed the iir.numnr 

smnL°,h CUr n\ t0 ground Currents A°w from toweT to The 

ossesi e 0 ' 01 ; c"-gy losses o“ur To minimis!! 

return fo ?h- tow! ance F pa , tk should Ptov.ded to the current to 
radiating oui S’, he 

arrayfcS.^Tf IhreeT b / 0ad = aS ‘ p “ rposes - simpl = 

extensively, S Such arr!!f. “I spaced tower radi “'™ are used 
work : serve two principal purpose in broadcast 

theri1iat b ed a ™„!T S n1; r d« iOn a a 'a^ 0per,y ' B helps 10 concentrate 

signals, and 8y d ed direction and thus gives better 

radioed inana^cni^v"^ arraycan redu °e the field strength 
tancefnd opeSbJ „ T ? are , Separated b y a small dis- 

T , ^ ® on same channel can be avoided. 

relative m a g n°i t lid 7 and* nh ale ay f depends VP° n the spacing and the 

nagnitude and phase of currents in the various towers. 

frequency raTgl)'"'^ antennas for frequencies 15-30 mc/s. (High 

the dij^^v y ^^^ nge - ments ^ depending upon whether or not 
ireccivity of radiation is required, are used : 

length 're™!!!?™ 6 antenna arrangement : Ungrounded half-wave- 
's not the chief SnVJ “T Ily emp '°u yed aS an antenna if directivity 

vertical mo • ^ or horizontally. When it is placed with its axis 
with its axis'^araH e ] * S radiat , ed alon S horizon but when placed 

direction is zero Th. r f OUn . d ’ Md radiated in the horizontal 

i is zero. The latter placement is most common. 

cited deIive2 S it n tIT hlCh * halfwave sonant antenna may be ex- 
line are show ^in fig jji WCr 3 balanced two wire transmission 

a Pproximate°a Sif 1 es ? ent . ? "’ &>lat antenna length should 
— ^ nCCts the resonance ^ transmission feed 
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line. This arrangement fails 
termination. 


to provide characteristic i 


II 


pedance 


In method ( b ) the capacity shown in figure completes the ter- 
mination of transmission line. This method, however, fails to pro- 
vide impedance matching. 








V2 



id) 


Fig. 61. Half-wave antenna arrangements. 


Methods (c) and (d) provide impedance matching that permits 
non-resonant operation. In fig. (c), the spacing m is adjusted to 
provide an impedance match. This spacing in the case of a hori- 
zontal antenna above the perfect earth, depends upon the height. 
Arrangement at fig. (d) is basically similar to that at fig. (a), except 
that two closely spaced halfwave antennas are joined together at 
their ends and one of the dipoles is excited at the centre. This 
arrangement transforms the impedance of the antenna system. The 
two antennas function in parallel and each carriers half the total 
current. The result is that the impedance offered to the transmis- 
sion line is 4 times the loop radiation resistance of a halfwave 
antenna, approximately 290 ohms. 


V 


> 


(b) Directional shortwave trcsmitting antenna : For moderate 
directivity, antenna arrays consisting of several radiators are suro- 
cent. For 1 arge directivif either a rhombic antenna or an array 
of V antennas in the 4 ^^.^ a 1 ^position is best suited. Readers 
should consult Ar i 
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Air plane antennas : Installation of transmitting antennas at 
high speed aircraft is rather difficult. At frequencies below 2 mc/s., 
or even at still higher frequencies trailing wire serves as a suitable 
transmitting antenna This trailing wire antenna consists of a 
wire, taken underside the plane, of such a length as to give quarter 
wave resonance when air-plane is used as a substitute for ground. 
Trailing wire is terminated with a weight. 

(4) Transmitting antennas Tor frequencies 30-600 mc/s. (Ultra 
high frequency range) : The antennas suited for short wave operation 
are also suitable for ultra high frequency operation. To name 
simply, the different antennas commonly employed in this region 
are resonant half wave radiators, cone antennas, corner reflectors, 
Yagi antennas, V and rhombic arrays, high frequency loops. 

Corner reflector antenna is especially suitable for ultra high 
frequencies because it is compact, portable and gives good gain. 

For broadcrast purpose, at such frequency range, it is desired 
to radiate horizontally polarised Signals equally strong in all direc- 
tions in the horizontal plane. A V antenna with legs A/2 or A/4 
long and an apex angle of 90° (fig. 62) serves the purpose. 




(c) Directional pattern 
pi T , . for L=X/4. for L = X/2. 

^ig. 04, V antenna with short legs and directional characteristics. 

To obtain the directional pattern with vertical polarised 
waves, a broadside array, consisting of a number of half wave 
radiators staked vertically and excited in the same phase, can be 

employed. P 

. (5) Transmitting antennas of frequencies higher than 600 mc/s. 

* Microwave range) : Directional antennas are most commonly 
employed for the radiation in such frequency range. 

^fg/t Directivity : When high directivity is chief consideration, 
parabolic and horn antennas are generally employed : parabolic 
reflectors may assume a number of forms. In fig. 63 two forms 

th* S l 3wa ‘ The narrowness of the radiated beam depends upon 

he shape of the reflecting surface and the area of its aperture in 

wavelengths. Directivity is high when the aperature area in wave- 
lengths is large. 

tj, Horn antennas are extensively used at such high frequencies. 
*ne directivity of the radiation is determined by the angle of flare 
fi h° rQ . Few types of horn radiators are shown in 

g- 64. Greater is the flare angle and horn length, narrower will 
b e the radiated beam . 
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(«) Cylindrical parabola „ 

Fie 61 Tvn. r ^ Truncated paraboloid. 

,8 ' 63 ‘ Ty P es of Parabolic reflectors 



(o) Rectangulsr Horn 




(^) Cylindrical Horn 

Fig. 64. Types of Horn antenna. 


(c) Pyramidal Horn 


Moderate Directivity j 
hen moderate amount of 
d.rectiyny is required, corner 
reflector is best suited. A 
corner reflector is shown in 

* i or is usua- 

fly illuminated by a half wave 

radiator located on a line 
bisecting the corner angle. 
When low directivity’ is 
h3,f WaVe radia tors, 

excited from a concentric line 
through some form of trans- 
former. are used. 

28 24. RECEIVING ANTRIM* 


'EH ECTOR SfiEE t y 



Fig. 65 A corner reflector . 


is induced in^thTStte^bv the VCS ^ CUt by an antenna > a voltage 

antenna. Because of this dir tribute^ ^ Cnt,re Iength of the 

antenna the ener^v c S conn ected in series with this 

Wave will be delivered to^t ' ^ fr ° m the passing electromagnetic 
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The important consideration in the choice of a receiving 
antenna is its sensitivity to locally generated noise fields. In 
* manmade noise electric induction field predominates and if antenna 
responds much to such fields, large disturbances would occur in 
the receiver. In this respect, loop antenna is best suited as com- 
pared to simple wire antenna since the latter responds much to the 
induction field. 

The ideal property of an antenna is its ability to pick up mini- 
mum possible noise energy due to natural disturbances which, on 
V the other hand, is comparable to the noise generated within the 
input portion of the receiving system. Higher is the noise level, 
lower is the frequency. At microwaves, noise level is low and it 
becomes necessary to employ greater directivity since it helps : 

(a) to increase the intercept area, 

( b ) to reduce the noise energy picked by the receiving antenna 
from the noise field, provided all noise sources differ in direction 
from that of desired signal, 

(c) to discriminate undesired signals originating in directions 
other than that of desired signal. 

Half-wave radiators serve the purpose of normal reception for 
frequencies upto 30 mc/s. For the reception of frequencies lying in 
the range 20 to 600 mes, F-antennas rhombic antennas, arrays of 
half wave radiators, or arrays of high frequency loops are best 

suited. 

28 25 DIFFERENCE IN RECEIVING AND TRANSMITTING 

ANETENAS : 


As regards the important characteristics of an antenna, viz. 
impedance and field pattern, both types of antenna bear the point 
of similarity. But there are differences in other properties that are 
peculiar to their uses. We shall list them as follows : 

(1) Current distribution : Current distribution on receiving 
antenna is different from that on transmitting antenna. In latter 
antenna when it is thin, the current distribution is almost sinusoi- 
dal, while in the case of receiving antenna, except for resonant 
length antenna (/z=A/4), current distribution is not approximately 
sinusoidal even for thin antennas. 

(2) Optimum field pattern : Although field patterns for both 
the antennas are the same, it is not necessary that optimum pattern 
lor transmitting antennas should be optimum for receiving one. 
the meaning of ‘optimum pattern’ for the two antennas is, however, 
nuferent. For transmiting antenna, the pattern which puts most 
°f the signals in desired direction is optimum, while for receiving 
ant f nna optimum condition is not maximum received power, but 
rather maximum signal to noise ratio. It is not necessary that in 
every case, transmitting optimum condition will iead to receiving 
optimum condition. For example, if a minor lobe in the recei ving 
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(b) Derive an expression for (he tadiation i e <istanre n f * t, 

remote from ground and sketch the fi P iH e of a sho 't antenna 
vertical planes. ,dd palterDS in horizontal and 

Assuming earth to be a perfect conductor h.h 

electric intensity of the radiation field t’ ^ express,on for 'he 
vertical aerial. fidd dI a p0,ct ' cra *vvay from a short 

Show that power radiated by it is given by 

i>=1578 (r) !/i *««■ 

heisht of ,he 1 *• *. cmm 

z ssesss d ( sr as f,at) - ™ 

,h ' vai “'» r - 

What do you understand by the effective height of nr, ■ , „ 
how is it determined experimentally 9 8 aerial? Describe 

sroimded'aeriaf eXP^ ' !Si0,, "" of. sho „ vertica| 
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resistance of a half wave dipole is 73 ohms. rad,a ‘ ,on 

array. thC ° f dierCtioDa ' transmission by means of an antenna 

and fed A in b r Sidearmy C0Dsis,s ofsix vertical radiators space m anart 

Hint • in hr» a ^ e * I | raW thC k 01 ’ 12001 * 1 P° ,ar diagram of radiation 

horizontal plane, they radiate unifotmly in all directions and 
nsequently can be treated like an array ofsix isotropic point 
sources. Use the formula with n=6 , S=0] 

^rite in detail the need of directional transm’ssior and how is it achieved 
®t different frequency ranges ? 
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Calculate the expression for the secondary field patterns of para- 
bolic reflectors. 

11. At what frequencies horn and lense antennas are used and why ? 

What do you understand by an optimum horn ? Find the formula 
for the design of such a horn and sketch the field patterns for E plane 
and H plane sectoral horns at various flare angles. 

12. Write an essay on broad band antennas, giving the description of each 
with special reference to their use in radar and television. 

13. The electric field strength of a plane wave is 01 Vim. What is magnetic 
field strength in micro-webers/meter* ? 

14. Show that the radiation field electric intensity of a quarter wave mono- 
pole is 


E% — [ cos Qt/ 2 COS 0) 


sin 0 


1 y/m. 


What is the power radiated for peak antenna current equal to 10 
amperes? 

15. Deduce an expression for the induced electromotive force in .a loop 
antenna. Discuss its application as directional finder. 

16. Discuss the effect of ground on the radiation by an antenna which is very 
close to earth. Explain the concept of image antenna. 

Find the expression for field distribution around a vertical groun- 
ded antenna of length A/2. 

17. Derive an expression for the radiation field for a continuous array con- 
sisting of point sources of uniform amplitude and of the same phase. 

18. Define radiation intensity. Derive an expression for the radiation inten- 
sity of a current element, starting from the expression for the radiation 
field. Derive an expression for the radiation intensity oi an end fire 

couolet. 

19. Explain what is meant by retarded magnetic Vector potential. Derive an 
expression for the electric field intensity at a distant point due to a half 
wave dipole and hence discuss its radiation resistance. 

20. Explain the basis from which the current distribution on a symmetri- 
cally fed, thin, linear antenna may be estimated. Draw a nature of vol- 
tage and current distribution along a linear 3A/2 antenna, fed at the 
centre, and calculate its distribution in horizontal and vertical planes. 

21. Comment briefly but critically on (i) end array, and (ii) aperture radiator. 


29 


„ _ propagatj on of 

ELECTROMAGNETIC WAVES 


In chapter 28 it has been established that high frequency 
currents in aerials produce a detachment of electromagnetic eneroy 

°^ wav ^ s of the same nature as light — a process usually 
called radiation and one which may be directional in nature. 


In this chapter, we shall study the phenomena whi^h 

occur in the media between the transmitting and receiving an 

tennas. There are several mechanisms by which radio waves mav 

travel from a transmitting to a receiving antenna, the important of 

these being designated by the terms ground waves, sky waves nnd 
space or tropospheric waves. ’ 


♦Ground wave or Surface wave : The ground wave is of 
practical importance at broadcast and lower frequencies This 
wave can exist when the transmitting and receiving antennas 
close to the surface of earth, and is support d at its lower edge 
by the presence of ground. The wave is vertically polarised because 
horizontal electric held components, being in contact with earth 
suffer energy losses and thus at any considerably distance from 
transmitting antenna, only the vertical component of the held 
left. At day time, broadcast signals are usually carried by ground 


Sky wave : The sky waves are of practical importance for 
very long distance radio communication. The energy by thes- 
waves reaches the receiving antenna as a result of bending of their 
path due to ionisation in the upper atmosphere. This ionised 
region, which begins about 80 kilometers above the surf-ire 
earth, is termed as ionosphere. OI 

Space wave : Space wave represents the energy that travels 
from transmitting to the receiving antenna in the earth’s tropos- 
phere. Troposphere is a portion of earth’s atmosphere extending 
upto first 10 miles from the earth’s surface. Radio transmission 
at frequencies higher than 30 mc/s. is usually space wave propa- 
gation. The space wave commonly consists of two components 
one of which travels directly from transmitting to the receiving 


♦Sometimes the term ‘ground wave* is referred to 
wave 1 and ‘space wave 1 together. 


ean both ‘surface 
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antenna and the other reaches as a result of reflection from the 
surface of the earth. 

29* 1. SURFACE WAVE PROPAGATION : 

A ground wave can be divided into two components — a sur- 
face wave and a space wave. The magnitude of these individual 
components and also of the wave is affected by (/) the resistivity 
and dielectric constant of the earth, (//) the earth’s curvature, 
(Hi) the height of transmitting and receiving antennas, (iv) the dis- 
tance to transmitter, (v) the frequency of the signal, (/v) variation 
of refractive index of earth’s atmosphere with height. 

Surface wave is a wave that is guided along the surface of 
earth and around its bends and curvature, much as electromagnetic 
wave is guided by a transmission line. To make up for the ground 
losses, energy is supplied from this vfave and hence the attenua- 
tion of t^’S wave must be affected directly by the constants of the 
earth. 

When the transmitting and receiving antennas both are located 
at the earth s surface, the two parts of a space wave — the direct 
and ground reflected— cancel each other (earth's reflection coeffi- 
cient is 1 for such a case) and the surface wave is left purely to 
carry the intelligence. Due to the bending round curvatures, this 
wave has an advantage of propagating the signal through long 
distances. 

Surface wave field intensity due to a vertical dipole antenna : 

# The field intensity at a point, considering all types of propa- 
gation, will be the sum of the intensities due to ground wave (both 
components, /.e., surface wave and space wave) and sky wave. 

In the present article, we are simply concerned with ground wave. 
Now out of its two components which would predominate depends 
upon all the six factors stated earlier. * 

In cylindrical co-ordinates, the axial component of electric 
intensity E z for a dipole antenna of length dl and carrying a cur- 
rent I has been calculated by K. A. Norton and is given by 

E,=j.mi “I [ cos* + ( ~) 


+(1 — u a -fu 4 cos a 4») 

\ 



...( 1 ) 


and the radial components. 


E> 


j30.pi dl | sin cos 4> e — 



L T V K ) 

cos 4; (1-/?.) iVO-w* COS 2 40F.^^ l+sin a 

...( 2 ) 
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where P=r^, A being the wavelength of transmitted signal, 

A 

/?,= reflection coefficient of the ground for a plane wave, 
J?j=distance between transmitting and receiving points by a 
direct wave path, 

R,=distance between transmitting and receiving points by a 
ground reflected wave path, 

4»=angle made with the horizon by the wave leaving the 
transmitting antenna (if the height of receiving antenna 
is very small compared to its distance from the transmi- 
tting antenna, then 4 ; i= 4 * 2 =+» fig- !)• 

u*= — 1 — , k being the relative dielectric constant of earth, 
k+ jx 

F= attenuation factor that depends upon earth’s constant, 

= -^~, a being the conductivity of earth, and to the angular 
wk 

frequency of radiation 

= 1; 8 x 1 0< ° ohm/metre where/m£ ,, fr£qu£ „ cy in mC(S . 

/» 


and 


me 


, r*+A/s*f/rr//re 

( AA/7£A'A/A 


■i, 




*£C£WA/G 
A AJ r£/V/VA 



G* OUfWD 

P£fL£C7£D WAV£ 


Fig. 1. Geometry for direct and ground reflected waves illustrating 

different parameters n ground wave propagation. 

Equations (1) and (2) show that first bracketed term in each 
of the equations is independent of ground attenuation factor F, 
i.e. 9 unaffected by earth factors and these both should represent 
space wave. Hence 

Esjta ce=V{ E * (space) + Fp 2 (space)} 

/ e -w R , e~^ R i\ 

=j.30./J7 dl cos [~^- +Rv 

The second term, depending upon F, is a surface wave. The 
total surface wave, neglecting term containing w 4 and adding 
vectorially, will be 

e~ft R * 

Eturfacc 30 fil dl (1— Fv) F.-^ — - 

■i<2 

X v{l — 2 u 2 +u 2 cos 2 4-(H sin 2 4/2)} 
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Fn, ^ hQTQ , disC u SS the Propagation due to surface wave. 
l n «Z he V hQ d ^° lc 18 at the surface of earth . expression fo? the 

field due to surtace wave can be written as : 

Esur/aco=j.3Q.$I dl. (1~R V ) F. (~ \ 


X 



u a )+r.cos <|> ^1+sin* Uy /(l -a* cos 2 

— ^ 1 * . » 


...(3) 

where k and r are the unit vectors respectively parallel and per- 
pendicular to the vertical dipole. ^ 

mntfT' 0 * 11 F depends upon distance, frequency and on earth’s 
constants. As the attenuation of surface wave increases with frequ- 

enef P \ h /i^a° de f pr ° pa 2 atlon is important only for lower frequ- 

i * i j i ^ i ^ l^i oints near earth’s 

foS ° r - t { ap P r ° aches unity as distance R tends to zero, i.e„ 

is giv“n by C Withm a few wave,en g tlls of dipole, F=l. Value off 

F== ^ +J V(”Q) erf ( -jVq)] ...(4) 


where 


and 


$ 


jfiRu 2 (1 -«* 


2 




u % cos 2 4») 


V* J -Vq 

, 1 utting F— 1 in equation (3), field pattern for the wave called 

unattenuated surface wave’ can be sketched. In fig. 2, plots of 

pattern for two values of earth conductivity are shown. 

For low frequencies and good conductivity (n=100), unattenuated 
surface wave field inten- 
sity is small except for 
angles near grazing <}/=0, 
the value being 2 at this 
value of <{/. For higher 
frequencies and poor con- 
ductivity («= 1), field in- 
tensity js appreciably 
high at high angles, /.«?., 
surface wave is stronger, 
though its value at <J;=0 
is still 2. Attenuation of 
this wave is quite rapid 
as the distance increases 
because of the factor F. 

Thus for n=I and at the 
points near earth’s surface, 
surface wave is much 
stronger than space wave 
at long distances. 


4 



utKtce 


Fig. 2. 


Vertical field pattern of a vertical 
dipole at the surface of the earth 
for n=l, and n = 100. 
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The magnitude of F for 4 1 — 0* i- e -> & t the surface of earth is 
called ‘ground wave attenuation factor’ and is denoted by A, i.e 

A — | F IH 1 e ~ q er f ( — ./V9) l+-o 

= 1 1 + e~ v ieT{ (—. jVPi ) l» •••(5) 

where p x is the value of q for 0. 

p x is complex in nature and can be expressed as 


Pi=pe 


ib 


where p is called the ‘numerical distance’ and b the phase constant 
Evaluating q, at 4'=0, shows that 



P= 

t :R COS* b" 

Xx cos i>' 

ttR , 

COS 0 

Ax 

and 

b= 

-{2b' -b') ; 

. -i k+l 
^ tan 1 

X 

where 

b" 

=tan _1 — 


and 

b'- 

X 

=tan -1 — 

c “ ! * =tan- 

X 



In figure 3, a plot of A against the numerical distance p for 
various values of b is shown. The numerical distance p is directly 
proportional to the actual distance to the transmitter and the 
square of frequency, and varies almost inversely, as the ground 
conductivity, b* is called ‘power factor angle’ and hence A is a 
measure of power factor angle of earth. 



Fig. 3. Variation of attenuation factor with numerical distance for 

different values of b. 
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Earth impedance can be resistive or reactive. For better earth 
at broadcast frequencies, * > k and impedance of earth is mainlv 
resistive, the power factor angle being nearly zero. At high freau- 
encies and over poor earth x k and impedance of earth is reac- 

live# 

For all values of b , attenuation factor A can be expressed as 

A=A 1 -sm b.x/(p/2).e~ B Pl 8 . (A\ 

For b<5° A,^- 2+0 ‘ 3 P 


Now for b 



5° and p < 4‘5, i.e., for short numerical distance 

-0-43/? -f001/> 2 , 


A=e 

and for b < 5° and p > 4 5, i.e., for large numerical distance, 

A= 2p- 5-7 

When numerical distance p is very small (p < n ground 
attenuation factor approaches unity, but for large distances 
ttfi 0)» magnitude of A varies inversely with p. This causes 

lnHiil Sre n -9, h J° Vary ,nverse ly as the square of the distance 
and hence rapidly decreases with p. 

rp A s Stat f d ear !i er ’ when ^=0. when transmitting and 
receiving antennas both are located at earth’s surface, earth’s reflec- 

lon coe cient is nearly one and both components of space wave 

ance each other. Propagation is then purely due to surface wave. 

but tor antennas elevated above the ground as in the case of high 

frequency transmission, resultant field strength is a combination 

due to surface and space waves. 

80 


Curves of fig. 3 are valid upto a distance km. When 

7 

the distance is large compared to wavelength, curvature of earth 

a ects the propagation and the above expressions deduced by 
Nortons for plane earth are not accurate. Curvatuie of earth also 
affects the space wave and the effective antenna height. 

29’2. SPACE WAVE PROPAGATION : 

o S P a ? e Y ave Propagation finds its wide scope at higher radio 

freauenri‘p S F. and microwaves since at these 

fail Aifu’ P r ^P a 8 atlon due to surface wave and sky wave almost 

akn ° U ®!} at * ov y er frequencies, space wave propagation may 

aivp a .°pted, but sky waves and surface waves are important to 

nation Tcf JOr C0 ? tr |^ ut, P n ? to the propagation. §pace wave propa- 

also limitp5 r k CtlCa ui Iraitec * t0 line of sightf distance and is 
also limited by earth’s curvature. 

. . flfa direct ray passes from transmitter to the receiving point without 

!•* er . ccpte< * by the buldge in earth’s surface, considering variation of 

t . rac x y e in ex eart h s atmosphere with height then the distance between 
the two is said to be a line of sight distance. 
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As pointed out in previous articles, field intensity due to space 
wave is 


Espace — j 30*3 Elc COS 


r erH*x 
l *1 


+R 


~r7 


(l) 


where R is the ground reflected coefficient and l, is the effective 
antenna length. 

Ground Reflection Coefficient : The vector ratio of the 
reflected to the incident wave is termed as reflection coefficient R 
and expressed as R=r |_p_, where r represents the magnitude and p 
is the modification of phase produced by the imperfections of the 
earth. 

The exact value of reflection coefficient depends upon ( i ) dielec- 
tric constant k, (it) conductivity of earth (Hi) frequency, and 
0'v) angle of incidence with which the wave strikes the surface of 
earth. For the two polarisations, it is expressed as : 

For vertical polarisation, 
n | „ = (k j>) sin ty -y/{(k-jx) — cos 2 </>) 

* — ( k—jx ) sin «/» — |— -y/ {(k — jx) — cos 2 1 p) 

for horizontal polarisation : 


...( 2 ) 


Rh=r | £ 


s in ift — y/{(k —jx)~ cos 2 </») 
sin </>-) - V{(k—jx)—cos 2 «/»} 


...(3) 


Plots in fig. 4 and fig. 5 for two different frequencies 4 mc/s. 
and 100 mc/s., show how the magnitudes and phases of these com- 
plex reflection coefficients vary with angle of incidence Full lines 
correspond to R v (vertical polarisation) and dotted lines to Ra 
(horizontal polarisation). 



Fig 4. Variation of the magnitude of reflection coefficients with 

angle of incidence. 
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V ( IN 0£6J?££S ) 


Fig. 5 . Variation of the phase of reflection coefficients with 

angle of incidence. 

From the figures we note that 

(a) for vertical polarisation (full line curves) the magnitude 
goes through a minimum (and phase through 90°) for some value 
of angle of incidence 4 for a given earth condition. This particular 
value of 4* is called pseudo Brewster angle (or just Brewster angle). 
Its value depends on the wave frequency and earth constant, i.e., 

(i) for low frequencies and high conductivities (x > k), the 

Brewster angle is less and approches zero as x tends to infinity (for 

perfec t earth). 

(//) for high frequencies and low conductivities ( x « k), the 
Brewster angle is practically of the same value as it has for a per 
feet dielectric. 

( b ) for horizontal polarisation (dotted line curves), the magni- 
tude of reflection coefficient is unity for grazing incidence (4=0). 
It decreases steadily as the value of 4 increases. 

(c) for normal incidence (4=90°), electric intensities for both 
types of polarisation are parallel to the reflecting surface but oppo- 
sitely directed. Thus magnitudes of R h and R v are the same but 
phase differs by 180°. This apparent difference in phase is purely 
due to the ways in which one defines the positive directions for the 
reflected wave in two cases. 

Elevated Dipole Antennas above a Plane Earth : As mentioned 
earlier, the propagation is entirely due to surface wave when 
transmitting and receiving atennas are located at earth, reflection 

coefficient being —1 due to which two components of space wave 
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cancel each otner. This is the case with day time reception of 
ordinary broadcast signals. 

At higher frequencies, where wavelength becomes too short, it 
is possible to elevate the antennas a fraction of wavelength above 
the ground. The space wave will no longer be zero and the inten- 
sity at a point will be the resultant of space wave as well as surface 
wave field intensities. 

Since in this article we are concerned with space wave propa- 
gation, an expression for the field intensity due to space wave at 
the receiving point will be calculated. This expression, on the 
other hand, will also represent the ground wave propagation at 
very high or ultra high frequencies since at these frequencies sur- 
face wave is almost attenuated because of ground factors. 

Consider two vertical antennas elevated at heights h x and h 2 
above the surface of earth (fig. 6). The resultant space wave field 
intensity at a point depends upon the relative phases of ground 
reflected and direct components. Since this phase difference varies 
with path difference signal intensity in space will exhibit maxima 
and minima. 



Fig 6. Elevated antennas of heights /;, and h 2 with direct and ground 

reflected wavepaths. 

Field intensity due to space wave from equation (1), is 

e-tf/tj _ e-’* R 


E=j.30 p.7. l e cos t}/ ( — — J + R 


R 


First we assume that R x is nearly equal to R 2 , so that in 
magnitude, e may put R l ^R 2 =d ; but for phase, the difference 
(Ri — Ri) always remains finite and affects the phase difference 
between two signals. Secondly, for simplicity, we assume that 
R~— 1. Thus, 


E=j . 3 0 .$Il e cos A ^ 


-JPR 


-JPR 


j . 30 p// a cos tji 


d 

e -m 


d 


1 [1-e-tf CW] . 


Fro 


figure 6, 

R^Vid'+Vh-fh) 2 } 
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1 + 


W1 


^ 2</ 


Similarly, /?.=</- 

2d ' 


Now 




2A,A 2 


and (5 


2tt 

T' 


Putting these values in expression for field intensity, we get 


r . ,- A 2n- . , f>“> (2»/») R. 

E=J.30. y.I.le COS <}>. i 


or 


£ 


60-// f cos 

A^ [ 


4n7tA , • • 4 jtAJ 
cos -^-*+.7 S,n 


As d > A, or /z 2 , we may put, cos — f 1 f 2 -=l, so that 

Ad 


n 


E 


60n fig COS . 4irh,ho 

A d ' Sln —XT 


...(4) 


Since sine factor involves h lf h 2 > A and d, field intensity will 
'ary simultaneously with the variation of any of these quantities. 
Thus the received field intensity will exhibit sinusoidal variation of 
maxima and minima if we vary antenna height, distance d from 
the transmitter or frequency of the signal. 

Suppose A or d is very large, then will be small for 

Aa 

which we can write 


4nh,h 

Sm ~Jd~ 


A d 


then 


I £J=240n- s Ilf cos4*. 




Thus for long waves, l.e., low frequencies, space wave field 
strength varies inversely as the square of the distance. On the 
other hand, even if frequency is moderately high, equation (5) holds 
good provided distance d is sufficiently large. 

In fig. 7 variation of field intensity with distance for two fre- 
quencies 50 rac/s, and 300 mc/s. is shown. It can be noted from 
the figure that : 


(°) For 50 mc/s. curve shows no maxima and minima and 
field intensity decreases as \/d *. 

(b) For 3C0 mc/s., curve shows maxima and minima for 
smaller values of d. For large values of d, i.e., larger distances, 
field intensity decreases as 1 / d 2 like case (a). 

Dotted curve represents the variation of free space field inten- 
sity with distance (neglecting ground reflection). 
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Fig. 7. Variation of field strength with d'stance. 

Tropospheric refraction : At frequencies V.H.F., U.H.F. and 
microwaves, propagation by sky waves is not possible, 
high frequency waves sent upwards are not reflected from the 

ionosphere Propagation along the earth’s surface (surface wave 

propagation) is also not possible since the surface wave field inten- 
sity decreases very rapidly for distances beyond the line of sight. 
Thus apparently it becomes quite unexpected to think about the 

transmission much beyond the horizon But this transmission does 
occur because of the refraction of such frequency waves in tropo- 
sphere. 

Troposphere is a region of earth’s atmosphere quite adj acent 
to earth and extending upwards upto 10 km. In troposphere, tem- 
parature falls at the the rate of 6*5°C per kilometre till it reaches 
— 5°C at the upper boundary. Region next to troposphere is stra- 
tosphere in which temperature almost remain constant, 50 L.. 

Tropospheric refraction is the phenomenon in which radio- 
waves gradually bend downward due decrease in refractive in- 
dex with height. This refraction increases the range of propaga- 
tion beyond the ‘line of sight’ distance. This increase in range is. 
however, explained by using effective radius of curvature of 
earth which is 4/3 times the actual radius (i.e assuming the space 

waves propagate along the stra'ght line paths and that t. e ear 

has an effective radius slightly larger than its actual radius). One 
can compute the range of propagation for a normal atmospnere 
and for a given antenna height using effective radius o ear i an 

is-called ‘modified line of sight’ distance for space wave propa- 
gation. . . , .. . . 

Fading : When space wave signals are received from a distant 
station, phenomenon of fading often occurs. Fading is simp y e 
variation in field intensity with time. The cause of this fading is 
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runic a 


Iroposphere'lndergMs 'mS, 1 chanj'° nS ’ '• he refrac,ive ‘"to in 

difference) between the Hir a ^ dlbr f renc e and hence phase 
the space wave at the receivin^L 8 ^ ^ refleCted com P°nentsof 
i" held intensity at the point of reception.^ reSUl ‘ “ variati ° a 

pheric re lectjons^whietf Ib ' s ^ ad ', n ® ' s ‘h e variations in tropos- 

iroposphere s?nce 7he 1^,,^°““^ by - in the 

discontinuities mav var^fiSIf d * or,enta,,on and height of these 

is resulted when troDosnhprio moment to moment, severe fading 
dominant at the receiving point™*™ COraponent of s P ace wav e « 

the signal* of Th^e^renii 1 ^^ 83 ^ 011 ^' ^ adin £ usually occurs since 
tions CSe fences is affected by tropospheric condi- 

is som U ewh P a r t° P f ga f 10n : DuCt P ro P a g at ion, as a physical picture 

waveguide al ° 8 ° US ! ° gUided wave transmission in a leak; 

m o d i fi eeff ^r efr a ctiv* n H 3 P ro P a 8 ation . arises when a layer whose 
layer) is oresent r CX ? ases w,t b height (called inversion 

out of the lav.r JfFEV* thls negative ^ radien t. a ray coming 

earth) When La I *?■ ■ be ?‘ awa y from the ™rmal (over a flat 
exceeds a critL^ v f °f m u c ! dence taken with respect to normal, 

Such trapping limits the wave propagation in a duct * °' 

betwLTLL’n/ 8 ' l l h ° W u path of ra y tbat has been trapped 
barelv frinnpH and h® J ght h 0 . Curve 2 shows the ray path of a 

renreLnte5 P hv ^ f d .?, U ™ 3 is for an untrapped wave A ray 
and henrv» y Cl ^ ve 1 will obivously follow the curvature of earth 

sight 1 to Iarger distance far be y° nd tbe ,ine of 

,nve rs' on layer is adjacent to earth surface, duct will 

snrfarp SI d 6 °*V be e . artb surface and such ducts are called 

e-rfh I™. C S ‘ -a wbe P inversion layer is above the surface of 
elevated < j er ( slde °^ duct is also elevated and such ducts are called 



‘Tropospheric reflection arising due to discontinuities is important when 
he receiving po.nt is well below the 1 ne of sight of transmitter. For such a 
ccation, troposphere waves are much stronger than those arriving at the 
eaving point by the diffraction of ground wave around the curvature of 

6dTtO« 

m „H + «L Cterm moditied re,ers to the fact that the actual index has be. n 
modified to account for the curvature of earth. 
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Fig. 8 (a) Variation of refractive index with height. 

(b) Wave trapping. 

The physical picture of wave trapping is more analogous to 
that in a waveguide with the difference that while the modes, in 
which the field may be resolved in both cases in a waveguide, are 
confined to the guide, they penetrate the top of the duct to some 
extent. Like to a waveguide ac’ion as a high puss filter (signals 
having wavelengths above certain maximum value can not propa- 
gate through waveguide), signals having wavelengths above certain 
maximum value, A,*..*., are not allowed by the duct to be trapped. 
For higher wavelengths, the penetration or leakage fronr the duct 
increases rapidly and consequently trapping is very little. The value 

of X max . is approximately given by 

A ma ,. = 0-0W' 2 ••(*) 

where \ max . is in cm. and. duct height d is in metres. It is obvious 
that for a duct height of 10 metres, A m( ,*. ~ 2*5 cm. This mode of 
propagation is important at ultra high and microwave frequencies. 

Effects of earth’s curvature : Curvature of earth affects the 
space wave propagation in three ways : 

(a) Plane wave reflection coefficient, which occurs in the ex- 
pression for field intensities, is different for curved earth. The 
effect is least important due to circumstances adopted in practice. 

( l ) ) The energy of a ground reflected wave, being reflected 
from curved surface, will be diverged more as compared to plane 
earth case. To accounr this, ground reflected wave has to be mul- 
tiplied with divergence factor D, given by 

2d,d. I’ 1 ' 4 

1 + 1 ‘ 


D 


a.ad cos «/» 2 


The distances d x , d 2 , d and angle V are shown in fig. 8 ( c ). 
ivpc thp fr^r.t innni increase in the earth’s radius of curvature. 
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Fig. 8 (c) Illustrating the effect of earth's curvature on 

space wave propagation. 



The effective radius of curvature is *a, a being the actual earth’s 
radius. Value of a is usually f, i^e. 9 (l - 33). 

(c) Effective heights h x and hf of the transmitting and recei- 
ving antennas above the plane that is tangential to earth at the 
point of reflection are less than the actual heights h x and h, above 
the surface of earth, By geometry, we have 



tan <jj 


2 


hi 

A 


h a 

A 


The maximum distance d 0 for a line of sight 
the case of elevated antennas can be shown to be 


-(7) 

propagation in 


</o=V(2a fl A x )+v/(2aa/i 8 ), ...(8) 

where h x and h 2 are the heights of transmitting and receiving anten- 
nas respectively; a is the earth’s radius. 



When the receiving point is at ground, A 2 =0 

d 0 =t\/(2(x.ahj). ...(9) 

on n/?n°r h e£ l uations ( 8 ) and (9) are valid for h x and h, less than 
20,000 ft. 


29 3. PROPAGATION OF SKY WAVES THROUGH 

IONOSPHERE : i 

The ionosphere is produced in upper atmosphere chiefly by the 
U if v!°^ e * radiation from the sun. Since the pressure of air at 
such heights is very low and ultraviolet radiation is very intense, 
the formation of ions easily takes place. The air has a variable 
chemical camposition depending on altitude, the lighter gases ten- 
mg to prevail at greater heights. The ionisation of different gases ^ 
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will be different because of their different ability to absoro “ u A 
violet radiations of various wavelengths. As a result, the density of 
ionisation will vary in an irregular way with ^titude On the whoie, 

» ion density first increases with altitude and then deceases, but t 
shows ‘ledges’ where the ion density varies more slowly with alti- 
tude. These ledges are named as layers and the process of layer 
formation is called ‘stratification of ionosphere’. 

This region, also called plasma, of upper atmosphere ranges 
in altitude from approximately 50-1000 kilometers, where the 
ionisalion is sufficient to interfere with the propaption of elac^ 

> magnetic waves. It appears that the conductivity of this ionised 
region is due almost exclusively to the electron density, except 
possibly near the lower limit of the ionosphere. The fr ee e, ectron 
density, N, is typically 10 11 per metre 3 , varying by about 10 to 
10” per metre 3 from the lowest to the highest layer. The 15 nu P^f. r 

of molecules per cubic meter varies from obout 10 to 10 . Wiuti 

altitude percent ionisation increases rapidly but it always re “ a * Q Q ° 
low. We shall show that for y=10 n per metre 3 , f y , the plasma 
angular frequency, is nearly 3 mc/s. The following analysis i 
also predict that the electromagnetic waves of frequency ower 
than 3 mc/s are not transmitted through, whereas waves or 
frequency higher than 3 mc/s will be sent back to the cart - 
ionosphere helps in wave propagation to different global parts at 
these frequencies. Frequencies much higher than 3 mc/s penetrate 
the ionosphere and are thus unaffected by the ionosphere. 

PROPAGATION OF ELECTROMAGNETIC WAVES IN 
THE ABSENCE OF EARTH’S MAGNETIC FIELD : 

When an electromagnetic wave passes through ionised medium, 
current arises from the presence of free electrons and ions in the 
electric and magnetic fields of the wave. We s hall assume tha 
there are no collisions between the electrons and gas atoms or mo e- 
. cules which is, infact, true except in the lowest regions ottne 
ionosphere where the pressure is highest, and at frequencies of the 

order of 1 mc/s or higher. 

Let us consider a plane electromagnetic wave travelling in the 
positive direction along x*axis with E and H vectors paralle o y- 
and z axes respectively • An ion of charge q, mass m> an ve oci y 

v is subjected to a force F given by 

F=g[E+(vxB)] in m.k.s. system, 

the ion being situated at (x, y, z) with respect to its average posi- 
•» tion (0, 0, 0). B (=fiH) is the magnetic induction, bince L— 

and B=B 2 we have 


m 


dfx 
dt ' 


dy 

dt 


qB. '-r= q B 


dy 

at 


...( 1 ) 
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dt 


...( 2 ) 


dt 2 


0. 


...(3) 


From eq. (2), 


d l y 

It 2 


qE 
m 


1 


1_ dx 
c dt 


..(4) 


in which we have put 

*E=Bc. 

We shall show that 

1 dx 


c dt 


< 1, 


or velocity of the ion along x-axis, due to action of electromagne- 
tic wave, is much smaller than the velocity of light. Then from 
equation (4), we arrive at 

d 2 y qE 

dt 2 m ’ ”*(5) 

Let the electric vector of the wave be presented by 

E—E„ cos wt, 
qE 0 

cos wt 

m 


then 


or 


d*y 
dt 2 
dy 
dt 


qE { 


'mw 


sin wt 


- («) 


Putting it in equation (1), we get 


m cin / 

rn =■ — — sm wt 

c mco 


or 


dt 2 
d 2 x 


q 2 E, 


sin wt cos wt 


giving 


dt 2 m 2 wc 
dx q 2 E 0 2 

4 C0S 


dt <\w'm*c ...(7) 

where the constants of integration are set to equal zero because 
v_o, y~ 0, z — 0 at /=0. No>v we can show that 


q*E 0 2 


\_dx\ 
c di 

For electron, 1*6.10-“ coulomb 
c=3.10 8 meters/sec, we have ’ 


4w 2 m 2 c 2 ' 


m=9* 11.10-" kg-, 


roughly 


. ‘ an amenna radiating oukw w 

power isotropically at a frequency of 1 mc / s . Thus in equation (41 

the term due to magnetic field of the w av* j s negligible_and 

H 

Therefore, 



1 dx\ 

2*17 x 10 s 


c dt | = 

2 ^0 > 

...(8) 


120ff=VW c o)=^ 0 


E 


VCuo c o) 

Mp Hc=Bc 
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-y- is exclusively due to electric field of the wave. 

at 

Conductivity of ionised media : Out of I0 17 ions per metre 1 , 
10 u are electrons, the current in plasma is chiefly due to electrons. 
Suppose N is number density of electrons in plasma, the current 
density resulting from their motion is given by 

J =Ne v ...(9) 

Since, ion drift velocity is almost exclusively due to electric 
field intensity E of the wave, we should put 

dy 


so that convection current is 


Ne 


dy_ 

dt 


eE n • 

— Ne. sin tot. 

c urn 

Also interms of conductivity 

J = °E 

cos cot. 

Equating the two, we get 

. Ne t E 0 . . 


COS (lit 


sin oil 


nun 


oE , e<- l = Ne 2 — e J( - at ' 

■ moo 


7*1 


zL N - 

to ' m 


..( 10 ) 


which implies that electron current, J, lags the electric field 
intensity, E, by nj2 rad. Therefore electron current is said to be 
inductive. Product E.J will be zero and consequently, with collisions 
being absent, there is no energy loss in ionised medium or the 
oscillating electrons do not absorb energy from the passing electro- 
magnetic wave. . _ 

Conditions of wave propagation : To discuss the propagation 

of the wave, we write Maxwell’s curl equations : 

VXE = — jtap 0 H *..(11) 

8D 

V xH=J+^- 

— . J ~+T. (*. B, e>-r) 


moo 


■ joo e 0 


E— 


dt 


jNe 2 E 


moo 


■joo e 0 E 


Ne 2 

onoo 2 e 0 


...( 12 ) 
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ed electrons and heavy positive particles are distribut- 

rh a r«i h - statlstlcaI uniformity m the ionised region, the net space 
charge is zero so that p 


V *E= -=0. 

f o 

Taking the curl of eq. (11), we write 

V X V X E= ~jwfx Q (y x H) 

V (V.E)-V 2 E = —ju>H 0 -jo)c Q E ^ 1 - 


...(13) 





V*E 




on using eqs. (12) and (13). 


\ rmu\) 


...(14) 


as 


now define a quantity known as the plasma frequency,/^, 


1 / / Ne 2 \ 

*sj (sd-vuM. *>• .. (15) 

where f N is ; in c/s, and N in electrons per cubic metre. Plasma 
frequency is simply another way of specifying the electron density 
m the .plasma. Putting N= 10 u /metre», we find f N a 3mc/s. 
Putting eq. (15) into eq. (14), we get 



E 


7Vo 



V*E —ufipfyl 1-- 

CD 

1 

„ / 2 

But from wave equation for E, we know that 

V*E=7 Z E, 

we find that propagation constant, on comparing the two, is 

*> 2 Mo € o ^ 1 —prj 

f* 


y 2 




y 


«+J?->V((Vo) f 


1 


/ 


,a \ 1/2 

'I ’ 


we note that if 

f >/n 7 is purely imaginary (=yp) and the wave is 

propagated. 

/ < fn 7 is purely real (= a ) and there is no phase change 

as the wave moves i.e. no wave motion. In other 
words, the fields are attenuated. 

Thus for propagating range of frequencies f > f N (frequency 

of ihe wave should be greater than 3 mc/s if N x 10 u per metre*) 
and the phase constant is 


?=a> v 'Otj»o)^ 1—jpL.y 


i/» 


...(16) 
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Phase and Group TeJocilies : Phase velocity is given by 
to 1 c 

-fl- 


op 


V(h> f o) 1 


Wl( 


/ 


1 


Jn' 


f 



J _ 80- 6 N 


, using eq. (15) 


f 


The group velocity with which the signal is 
given by 

da> 


...(17) 

transmitted is 


v 




From eq. (16), 


P=aV(Fo<o) (l-£) 


1/2 


CO / J CO /V 2 \ 1 /2 


<JJ 


so that 


dfi_l 

doj~c 

~~c 


1 


(x) N 


CO 


2 \'l 2 1 <0 
+ 2^ 


2 


1- 


LOn 


CO 


J /2 2 <V N * 

X — •- 

CO * 


1 


<o /Y 


2 \ 1/2 


co 


+ 


( °N 2 


CU Z C 


1 


OJh 
,2 


2 \ — 1/2 


CO 


1 


C 1 — 


CO Y 


2 \ 1/2 


CO 


2 


or 


dco 


d$ 



1 


<d n 


CO 


Thus 


v 


daj 


fWW 


’-dp 

Note that v, v„=c 3 , 


v( ■-;+) 


where c is the velocity of light in the free space. 
Refractive Index : The refractive index, n. ( 


with permeability of space) is 

c 


(not to be confused 


/ 


W( 


1 


80 6 N 


f 



...(18) 


then 


N is in Per metre 8 . Suppose JVbe in per cm 3 and /be in kc/s., 



80-6# .! 0-«\ 
(// 10 8 ) 3 J 

80 6N\ 

P )’ 


1338 


Hand Book of Electronics 


That is, same relation as eqn. (18) is thus retained. But note 
that /is in kc/s. Let us express ^ in c.g.s. system also. From 
eqn. (17), 



1 


fs' 

m 

/ 



1 



ma) 2 



4*Ne* VI * 


47f6 0 mO>* 


We can show that 

1 


Ne 2 . 


47 T€ 


0 


m 


in mks 


Ne 
m 


in c.g.s,, 


so that, we can write 




1 


4nNe*Vi* . 


moj 


in c.g.s. 


(19) 



In next articles, we shall be using this equation quite frequently. 

Let us now explain that how 

the ionosphere is instrumental in — 

achieving long distance comu- 
oication : We divided the ionised 
region into several infinitesimal 
slabs, in each of which the elec- 
tron density can be considered to 
be uniform with height. Let us 
consider the boundary between 
free space and first slab, for 
which plasma frequency is/v, < 
say The phase velocity for 
this slab is 

c 

Vpy 






1 


f 2 


Fig. 9. As there are infinite number 
of slabs, wave path is no 
longer a series of straight 
lines but a continuous curve. 


i- 1 


Also /*<-! = -. 


so that 


P 
sin i 

sin (/ — 1 )’ 


or 


Ht-i sin (/ — 1 ) 
c 


sin i 


sin (/— 1)— — sin i. 

V J» i-1 C 


So, in general, we can write for any number of slabs, that 

C . /« i\ ^ 

— sin (/ — 1) = 


sin i 


sin (/ — 2) 


V T y V V 

sin sin (/ — 1)=^/_ 2 sin (/— 2) 


• • • 


...( 20 ) 


We know that 



1 


80 -6N 

P 



so that 


< hi-\ < fa because N,_ 2 > Ni. a > Ni 
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But in order to satisfy equation (2), we must then have 

angle (/— 2) > angle (/- 1) > angle (/), 

which implies that the path of the wave bends gradually awav from 

the normal to the boundary. Finally, a level may be reached at 

which the electron density is such that angle of refraction is 90° 
so that ’ 




sin i 
sin 90 


sin i. 


and the path is horizontal. Thus for horizontal path 

A -£)■ 


sin / 


or 


fs=f cos t. ...(21) 

Thus a wave of frequency / incident at an angle / with the 
normal to the boundary is reflected from a level at which plasma 
frequency is equal to/ cos /. For special case of normal incidence 
on the ionosphere, /=0 (or /*=0), and the condition for reflection is 

fs=f=ft . ...(22) 

f„ is called the critical frequency. The wave is then reflected from a 
level at which plasma frequency is equal to the wave frequency. If 
we put /*=0 in equation (19), we find that 

Nt * 

fo— /y= — in c.g.s. system. ..(23) 

mn 

When frequency of the wave is sufficiently high, say light fre- 
quencies, then we find that, on taking N equal to 10 11 per metre*, 

so^w^o-e.io 11 on , in _ 17 

/* ( 10 11 ) 2 ^ 

and therefore the term is negligible, so that 

1, 

or on the propagation of such waves, there is no effect of ionised 

medium. They will penetrate the ionosphere at the same angle at 
which they are sent. 

Effect of Collisions : Let us here introduce the effect of colli- 
sions. At the high altitudes prssure is low so that collisions are 
not frequent, but at the lower edge of ionosphere, where pressure is 
high, collisions can not be neglected We have seen that electrons 
oscillate under the action of electric field of the incident wave ; 
therefore accounting for the motion in the direction of E vector, we 
write equation of motion of electron when collisions are present as 


m 


d 2 y 

IT 2 


eE-t 


dy 

dt' 


...(24) 


where | is the collision factor. Minus sign is introduced as their 
effect is to cause absorption of energy from the electromagnetic 
wave by destroying in part the direct momentum of vibrating 
electrons. Further, putting v=dy/dt, we get 


1340 


Hand bouk of Electronics 


m 


dv 

dt 


eE—i.v. 


...( 25 ) 


Since electrons are oscillating, 

v=v 0 e 

so that 

dv 


dt 


jaw 


or 


Putting in equation (25) we arrive at 

mju>v=eE—£v 

eE 




( jmoj + f) » 

so that corv ction current density will be 

, a? Ne'E 

J—Nev=—— - 

( $ +jma>) 

_ Ne*E(£— imto) 


(?+m* a,*) 

Ne 2 E ( jmco.Ne 2 E 


...(26) 


(£ 2 +m* u> 2 ) (i 2 +m w i ) 

For second term on right hand side E.J is zero because both have 
a phase of tc/ 2 but for first term E.J will not be zero because both 
are in phase. This means, unlike to case discussed after equation 
(10), we find here that oscillating electrons absorb energy from the 
electromagnetic wave. 

In next article, we shall account for the effect of collisions and 
of earth’s magnetic field on the propagation of radiowaves through 
ionised region. 

29-4. PROPAGATION IN THE PRESENCE OF MAGNETIC 
FIFED— THE MAGNETO-IONIC THEOR Y-A PPL! TON 
HARTREE FORMULA : 


The actual manner in which the 
charged particles affect the propagation 
of radio waves was first pointed out by 
Eccles in 1912. Some essential details 
which are lacking in Eccles theory and 
for which it lay undevelop: d were 
supplied by Larmor in 1924. TheEccles- 
Larmor theory is now regarded as the 
basic theory of radio wave propagation 
in the ionosphere and has been supple- 
mented by the so called magneto ionic 
theory developed by Appleton, Hartree, 
Goldstein and others 

We shall now discuss the theory of 
propagation of electromagnetic waves 
through an ionised medium in the 


*2 



Fig, 10. (a) Illustrates direc- 
tion of propagat’ 00 of 

electromagnetics waves. 
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presence of external magnetic field. This theory is known as 
magneto tonic theory. Appleton in 1925 first applied it to exvhin 

tmn magnetic field exer *s a force on the moving elec- 

h^ectL^Tto IS th Pr ° POrtl0nal t0 r' he instantan eous velocity of 

fhl- t? hi anE £ 
at hiEh ^ radio e S , S?te, , X , b"Sdid 

vibrates n sS At Tn f frequeDcy ’ (= eH/mc ) electron 

loopsa Kn in figu oV vibrates in 


(*> Q>) 


(c) 


W) l«) 







Gvr/c/?/. i 

^QC/£AC/ zo/r 



M&Z 

fttQUEAC/fS 

r • , Fl ‘g- 10(6) 

a.on^r ider e an e l® ctro .‘ raagnetic wave (p |ane polarized) moving 
system 1 ^ f h 0sl ^ lve dli ; ectlon of Z-axis of a right handed co-ordinate 
electron?^ 10n ° Sphere ‘ Th ere is a possibility of collision of 

nect of which is a type of frictional force of coefficient of friction, 
Sail have ^ magQeUC fiCld bC acting in XZ P Iane - Then we 

H x =Hi, H y — 0, and H z —Ht. 

Daeatirm V is * he mass of electron, and v the velocity of pro- 
of?^?’ . the . cha , r 8e on electron, then the equations of motion 

c e s , e J? tr ° n m the field of adv ancing elecromagnetic wave in 
system are 

d ~ = eE x -Zj ( + e - [vxff]x*. 


m 


tit will exert a force equal to e(vxH)/c. 

* ‘ J k 

*[vxH]= dxldt dy/dt az/dt 

H l 0 H t 

so that [vxH] x —Ht 


[v X H\ y =Hl 


dz 

dt 




dx 

dT' 


...( 1 ) 
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m 


m 


d 2 y 

d? 

d 2 z 

dt 2 


-eE- Zrj t +j [vxH) y , 
e ^-tj t + e ~lvxH]z. 


...( 2 ) 


.. ( 3 ) 


or 


m w>= eB *-tHr+T H *%- ] 

If<u is the angular frequency of the wave, then for a wave 

nn I/O lurk a _ d . . d 2 


- M 4 ) 

c dt 


motion, value of the operator -t=joj and — 

dt J dt 2 

Then from equation (4), we have 

-mo?x=eE x -Mx -f > ~ H T y. 

c 


at 


mut 2 y 


e Ey —jut£y 4 - jot — Hl z— jut — 

c c 


H t x 


y ...( 5 ) 


mw'*z=eLz~ju>£z-jat — H L y 

c 


Dividing by 4 vNe 2 and puttting 


—rru+ 
47i Ne 2 


oj. — ,Ht 

c 

4nNe 2 


A , 


Cr 


and 


we get 

Ex= 

Ey = 
and E z ^ 


4nNe 2 


— . Hi 
c 

4nNe z 


B. 


-Cl, 


(A+jB) 4 nNex—jCr (4 r.Ney), 

(A +jB) 4nNey+jCr (47rNex)—jCL ( 4rrNez ) 
(A+jB) 4nNez+jC L (4irNey) 


(a)] 

(*)f -( 6 ) 

(0 J 


Since the plane wave is travelling in positive ^-direction, we 
can arrive at the conclusion that 

dy = dz^ 0, but 8x^°- 

Maxwell’s electromagnetic equation for conducting medium 
can be written as 


curl H 


1 dE 4na „ 

^sI + 7~ e - 
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curl H 


J_ 8E 4-Nev 
c Sr + ~T~ 


...(7) 


The components of curl H in different directions are 

1 ^Ex dx "I 

+ 4~Ne - — =0. 


[curl H\ x 


[curl H] y = 
[curl H] z = 


c 

1 

c 

1 


Sr 

?Ey 


dt 

dy 




Si + 4 ’ lN ‘sr 


d H 


dx ’ 


i ... 


(8) 


— --{-AnNe — 
c i dt ^ H7T/Ve £t 


dH z 
dx * 


I 

j 


ratorIare Plan£ Can be ,aken “ U ~ (xV ' )lc \ so, hat ope- 


3 

dx 


■ V e d 

1“> — and ~ — jcu 
c dt J 


which when substituted in eq. (8) gives 


J , ~ , 4t :Ne . 
c J°>E X +— ~~ jwx=0. 

~ jujEy+^l Jw y = +jw Vf H 

c c 


...(9) 


J_ :.,.p ,4nNe . 

~ jwbz + — jcoz 

C • 


V € TT 

C H ■■ 


Above eauations become on regarranging 

E x = — 4r.Nex. 

E r = — 4nNey-\--^/€ H z 

Ez— —4nNez— y/t Hy 

The other field equation is 

. [ d_H 

c dt ' 

Writing components of curl E, we have 


..( 10 ) 


curl E , 


(curl E) x 


(curl E)y 

(curl E) z 


dE z 

8Ey 

I 

8H X 

dy ~ 

cz 

c 

dt ’ 

dE x 

dE z 

1 

dHy 

dz 

dx ~~ 

c 

dt ’ 

dEx 

2.. 

■ 3Ey 
• ^ 


1_ dHy 

^ \ * 


dt 


In our case, ~ = ~=0. so that 
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curl E 


/ 

d/dx 

E x 

which can be written as 


J 

0 

E r 


k 

0 

E z 


1 

3 

c 

dt 

1 

3 

c 

3/ 

1 

3 

c 

dt 


(H x )—0, 


( Hy ) 


aF 2 


3a: * 


3£ 


y 


dx ’ 


Now we know that 

d 
dt 


joj and 


3 


dx 


V « 

T ’ 


so that above relations become 


1 


c 


ju>H x = 0 


Hr= 0 


1 


c 

1 


>/7 r 


. \/(e) „ 

jco Ez 


or H Y 


I 


V(') Ez, y 


...(H) 


ja>Hz — 


\/(e) 

— — /r K 


or H z = y/\f) Ey. 


J 


We can [from eqs. (10) and (11)] show that, components ofE, 
are connected to dielectric constant by the relations 


1 



or 


Ex— —A-nNex, 

(e — 1) Ey—AnNey 

(c— 1) Ez—Ar.Nez 
From eq. (12) and eqs. 6 ( a ), we have 

AnNex ( 1 +A +jB)= jCy.AnNey, 

jCrAnNey 


...( 12 ) 


AnNex 


1 + A +JB 


...(13) 


From eq. (12) and eq 6 ( b ), we get 


AnNey 


1 


(A+jB) AnNey— j (An Nex) Cr-jC^ez. 


Putting for xfrom eq. (13) in above equation, we get 


*" N ' y (A +m Mey+gg^-jC^Nez, 


l 


or 


AltNey j— iy -(A+jB )- F 


Cr* 


«)}“ - JCl ' 


(1 + A+jB) 

Further from eq (12) and eq. 6 (c), we get 

. f 1 ) _ 


AnNez, .-(I 4 ) 
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Multiplying eqs. (14) and (15), we arrive at 
[ J_ _ +JB) J ±-(A+jB> ]-C t «=0. 
This is quadratic in j^— ^ — so that we can solve it 

IVA J 


to give 

«-l+ \ 

(^ + jB) ~ 2 {1+Aj-jB) ± J( 4"(i +A+jB)* + ) 

This is the Appleton Hartree formula for the dielectric constant 
of medium m presence of magnetic field taking into account the 
collisions. It is seen that e has got two values corresponding to 
the positive and negative signs involved in the formula and the 
incident wave will be split up into two waves — ordinary and extra- 
ordinary. Hence the medium acts as doubly refracting crystal. 
Special Cases : 

(A) No external magnetic field : 

When H= 0 l.e. Ct=Cl=0, we find 

=i+ ! -i , 

-maj* j Bat ^ - ma> 2 4- ja)B ’ 


1 + 


4t rNe* 


AnNe 2 AnNe 2 


rruii 


__ . . 47 iNe 1 

C_ + -maP+jtoB' 

i.e. dielectric constant .of ionosphere depends upon the electron 
number density N at a particular frequency. 

(B) Longitudinal propagation : 

When component H T = 0 i.e. when the magnetic field is along 
the direction of propagation H L ^ 0, C L7 ± 0 but C T = 0, so that 

e= l + L_. . 

l+ {A+jB)±C L 

~ 1+ 7 z -mto * Jfco_\ e.Hjxo 
\AnNe 2 ~ t AirNe t ) ± c.AicNe 2 
If f =0, neglecting collisions, 

1 , I 

* —mu)* c.Hloi 


1 + 


—miu * c.Hlo) 
AxNe* ± c.AizNe 2 

I 


—mcj 2 § coHl 
AnNe 2 -cCTe 
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the m» b ! hat the diele<;t ™ constant depends upon 

the me, dent wave. Thus we find that there is dispendon 
(C) Transverse propagation : 

In this case H T ^ 0, H t =0, C L = 0, C T ^0, 


1 + 


1 


A 


C T 2 


± 


Cr 2 


2 (1 +A)- n 2 (l+A) 

VES IN IONOSPHERE 


ionnsnw^^-^u radi ? waves, as they travel upwards in the 

inul? Ph A ’ ^. best explained by the Appleton Hartree ionic for- 
mula. According to this formula, refractive index is 

1 


M * 2 = €=l + 


(A +jB) 


J{ 4 ^ +A +jBr +CLi } 


For simplicity, we assume that 5=0; then we have 

1 


#2 


1 + 


A 


Ct 


2(1 +A) 


+ 



Ct 


4(1+ A) 


for the 


l or explaining the splitting of radio waves, we 
be condition of vertical reflection n*= 0, so that 


ust note that 


A 


C T 2 


+ 


2<1-M) 

<1+4- Ct1 


Vl4(l + a4) 2 


1, 


2(1+ A) - 

(i+ A )*-C£=± y| 



Cr 4 


4 (\+Af 


+Ci 2 


Cr 4 


2 -J I 4 
Squaring both the sides, 

(L+A)*+^f— (l+A) 2 C T * 


+C L * 


C T * 

4 


+C^(1+A)*, 


or 


y 2 ; 


(1 +A)*-(l+A) 2 [Cr 2 +Ci 2 J=0, 

(1+^)* [(l+/f) 2 — (Cr 2 +Ci a )]=0. 

Either (l+,4) 2 =0 

[(1 +a4) 2 — (Cr 2 +C/, a )]=0. 

J^et c t 3 +C l 2 = 

then we get l++=0, 

i++=±y. 

I he first condition 3(a) of reflection is independent of the 
earth’s magnetic field. 

Now let us draw dispersion curves as in figure 11, showing 


...(D 
...( 2 ) 

...3(a) 
...3(b) and 3(c) 
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relation between p* 2 and jc 





mat 


constant^ 2 



/ 

A study of dispersion curves discloses the remarkable fact that 

, for which y.* 2 becomes equal to zero, is inde 


the value of *=- 

pendent of the inclination of magnetic field to the direction of 
propagation. Now for any inclination of magnetic field to the 
direc ion of wave propagation, it is seen that the refractive indices 
are always brought down to zero value at E lt O and £.. The elec- 
j 1 "? 0 . n HP 1 . er density corresponding to the point O is given by 
1 -A—v, i,e., the condition of reflection represented by this point 
is the same as that for the 
case of no magnetic field. The 
ray which undergoes reflection 
at this point is called ordi- 
nary ray. The ordinary ray of 
which the refractive index 
varies along the curves BE X 

and FE t and attains zero 
value at the point 1+A=±y 
is called extra-ordinary ray 
since its condition of reflection 
is affected by the magnetic 
field. However, the analogy 
cannot be pursued because 
there are cases in which both 
ordinary and extra-ordinary 
rays may be reflected from 
the same height. 

STATE OF POLARISATION 



Fig 


11. Dispersion curves. 


According to Appleton Hartree formula* 


*=fjL* a 





polarisation refractive ind ex. From above, the state of 


R 


1 


U+JB)}, 


n V 'J 

where H z is z-component of magnetic vector of wave and H v is the 
^-component of magnetic vector of wave. If B= 0, then 
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Again by putting x= — 

A 

*=-j {f±V(l+f*)}- ...(A) 

where f—p & is the angle between the direc- 

tion of propagation and the positive direction of the magnetic 
field. 


The sign before the expression for R has been made negative 
because the charged particles in the ionosphere which influence the 
propagation of waves are supposed to be electrons. R thus 
signifies the ratio between the components of the magnetic 


vector of the wave in and at 
right angles to the plane containing 
the wave normal and the direction 
of the magnetic field hereinafter 
called the magnetic plane. 

When R is zero, H z is zero and 
the wave is plane polarised with its 
magnetic vector perpendicular to the 
magnetic plane. When R is infinite, 
Hy is zero, and the wave is again 
plane polarised, but with its magne- 
tic vector in the magnetic plane. 
When R is numerically equal to 

unity, the magnitudes of H t and H v 
are equal and the wave is circularly 
polarised. 



Fig. 12. Illustrating elliptic 
polarisation of the magnet!- 
cally split components. 


We will describe here the nature of polarization of the various 
types of waves that are propagated in the ionosphere. 

(0 Longitudinal case : In this case, 0=0 and R= 

For R=j the components (H v , H t ) are equal and have a phase 

difference of rc/2, while in other case when /?=— 7 the phase 
difference is — nil, so that two waves into which incident wave 
splits are both circularly polarised but in opposite sense. 

(ft) Transverse case : Here, putting 0=»r/2, we find R to be 
equal to — j<*> or 0 ; these are interpreted as states of plane pola- 
risation. For transverse propagation, therefore, the two component 
waves into which an incident wave is split up are, in contrast to , 
tne longitudinal case, both plane polarised. 

(Hi) General case : The state of polarization for any direc- 
tion of propagation other than longitudinal or transverse is in* 
general elliptic. The two ellipses, corresponding to the two spn 
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components, have the sa- 
me ratio as of the major 
to the minor axis. They 
are, however, oriented at 
right angles to each other 
and their senses of rota- 
tion are opposite. 

In order to deter- 
mine the polarization, 
we have to take all these 
factors into account. 
This may be done 
first by plotting graphs 
connecting. 


t 

0 



0 H> 20 30 40 SO 60 70 SO 

6 (Degrees) 

Fig. 13. Variation of p with $ for 

rent values of y. 




0 


sin ? 0 


and 6 


2 cos 0 
for various values of y 
(fig. 13) and then graphs 
connecting R and x for 
various values of p (fig. 

14). 

As is evident from the 
figure 14, the state of 
polarization therefore 
changes as the wave travels 

through the regions of 
continually changing elec- 
tron number density. 

If the exploring wave 



oc 

Fig 14. Illustrating changes in pola- 
risation as the wave of a given frequ- 
ency enters into regions of increasing 


w electron number density. 

reaches the region of reflection of the ordinary wave, where 

N— i.e. x= 1 , the state ot polarization changes sign, i.e. which 

was previously right handed becomes left-handed and vice-versa* 
The wave is plane polarized. 

29 5. SKIP DISTANCE AND MAXIMUM USABLE 
FREQUENCY : 

Now we shall discuss the considerations, e.g. y skip distance and 
maximum usable frequency which ought to be taken into account 
in deciding the frequency of transmission for short wave inter- 
continental communication. 

We have already proved that refractive index is 

sin / //, 80 # 6 N\ 

JT-) 


sin r 


According to this relation, as the wave penetrates into regions 
of greater electron density, the angle of refraction increases corres- 
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pondingly. When n has decreased to the point where • *1, 

- -■ bsjsbk a & sssr 1 

i * ^ ' 



sin i or N * 



cos 8 i 


-.(I) 


greaMo h sa,tf“e,a,fonnl' til w”e iTl*" 3 " suffid “")' 

.bat level. If the maximum e ,ec 3 rondelifv re ‘ UrI ! ed t0 . ear:h from 
and may be reflected from' hi hiih7rT Wl 11 ( P e "« rat ' i the layer 

density. be h,gher layer of greater ionisation 

which' Vs ‘returwd from a* layer foTnoma? fre . quency of the wave 

quency, the influence of^th- vf wave exceeds the critical fre 
propagation depends upon the angteof Incid ° v. thC pat J ° f 

reuses, the distance from the transmitter J ionosphere dec- 
to ground, first decreases and at a panic U f ar a '„r ■ ra l raura f 

decrease in the a. gle of incidence ^ a- L e ' With further 
return first increases and then with still smll? 06 to the P omt of 

follows : with large" value of Melfofinrvf® 1 ” be ex P ]ained as 

;wave is returned to earth £ 

decreases fas fnr men rV. angle of incidence further 
decreases [as tor rays (u), (in)] the relation (1) will be satisfied 

£SS£ t ( h “Tf C !° S V° ,he si: 

legions of higher elfitron densi'ty'and nea? the? 'T* the 

rela velv !man ■ ine ,o ,n ?e °' etor °n density with height is 

wa™e wfllfravef - d “ a ! ,: !, ,hrou ® h ®alf fngl^d 'The 

S’SJSSbS ?*^ 0 , ,be ’^ r > r °;j! 

Kg Avhen lL a, afr % dii “" &SAJTOS 

value then relation (!) is no,"sa Afad ScaAseTuch 


Propagation of Electromagnetic Waves 


1351 


The minimum distance from 
the transmitter to the point on the 
- ’ ground at which sky wave of a 
given frequency will be returned to 
earth by the ionosphere is called 
skip distance. We shall show in 
equation (8; that skip distance 
depends upon : 

(i) f the frequency of trans- 
i mission, 

(ii) f c , the critical frequency Fie 15. Ii!u<trating the skip 

of the layer and consequently on distance. 

the electron density because /„=b O' 6 N ' , 

(iii) h , the height of the layer. 

Since / c , and h are the characteristics of any ionospheric layer 
and therefore each la>er in the ionosphere has* for each frequency 
f a skip distance. The smallest skip distance is sometimes for E 
layer and fometirr.es for F layer but rarely for F x layer. 

As is obvious from forthcoming equation (8), skip distance 
increases with frequency provided height and critical frequency arc 
kept constant. Therefore for a fixed value ot skip distance, there 
would correspond a certain value of frequency. The frequency 
which makes a given receiving point correspond to a aistance from 
the transmitter equal to the skip distance for that frequency is ter- 
med as the maximum usable frequency (M UF) for communicatio tG 
the receiving point. Therefore if the frequency of the wave exceeds 
the maximum usable frequency for a given receiving point then 
the layer fails to return the wave to that point. That is, there 
would.be no reception at that point, for the distance to the recei- 
J ving point falls short of the skip distance. If on the other hand, 
the frequency is less than MUF , then the distance to the receiving 
point exceeds the skip distance and propagation is effected by a 
relatively more slanting ray. The maximum usable frequency is of 
significance for two reasons : 

(/) it is the maximum frequency that can be used in order to 
receive a sky wave at a given receiving point, and 

{ii) it is the frequency at which the sky wave signal returned 
to the ground is, in general, strongest. 

The value of MUF for ordinary ray is always less than that 
* for extra ordinary, although this difference is small except for 
short distances and decreases with increase of frequency and 
distance. 

From the forthcoming equation (4 we note that maximum 
usable frequency is related to the critical frequency and the angle 
of incidence by MUF—f c sec /. 
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nF t , In tl l e cas _ e S(^‘ layer > tlle the maximum angle of incidence is 
transmitting point at the grazing angle. Therefore, for ^tayer 


MUF=f e sec 74°=3 6 f e . 


disturbances ^ urm & the day time . The^onospheric tdden 
' ^ Therefore frequency of communication is to £ altered 


maximum 

Therefore they are selected ^oo^he baSTf mSy IZZ Z 

2E t0 ch ? ose a frequency atleast 15 percent & the 
a . ,y aver age for maximum usable frequency to take care of 

da r and * our to hour deviations. This selected frequency is 

between any two points is therefore selected as some freqSy 
lying between about 50 and 85 

m ^ m A ^ a _ r* . i « • « 


per cent of the predicted maximum 

unstable frequency between those 
points. 

Figure 1 6 shows the variation 
of maximum usable frequency as 
function of distance for various 
times of day. Each curve is marked 
with appropriate local time and 
with the layer determining the 
maximum usable frequency.* 

Now we shall develop few 
mathematical, relations for skip 
distance and maximum usable fre- 
quency. 

Expression for skip distance 
and MUF : 


0£CEMC£X 7937 



W ?SOO ' 2500 3500 

o/staa/c£ in X# 


Fig. 16. Variation of MUF 

with distance. 


th ? ' theoretical determination of the maximum usable fre- 
quencies, it is convenient to consider separately two cases : 

(0 s d i£edas“u“ km ' f ° r WWch ,he Mrlh <» 




distance pater than 500 km. for which the earth’s 
curvature has to be taken into account. 

thin (th ' n ,ay l r) : For the case of flat earth and 

can ea^ilv’ hp roi USd ^ e frequency and the skip distance 

^ Ictllated geometrically. This case is practically 



♦For Washington, D.C. 
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realised when the distance of transmission is less than 500 km. and 
reflection takes place from sporadic E region. 

Neglecting collisions and the effect of the earth’s 
field, the maximum frequency / which can be reflected 

layer at an angle of incidence / is given by / *= S 6 ^ 


magnetic 
from the 


cos 1 1 


( 2 ) 


Therefore critical frequency for which /=0. is / f , =80'6 
because f c is the frequency for which the refractive index of the 
medium becomes zero at the top of the trajectory. 

From equations (1) and (3), 
we find that f,—f cos /. ...(4) 

Figure 17 (a) shows trans- 
mission path for the case of 
reflection from a thin ionized 
layer (flat earth). 

Now from figure 17 (a), we 
have 

tan i=~ .. (5) 



2h 

where D is the distance of trans- 
mission and h the height of the 

layer, 


Fig 17 (a) Transmission path for the 

case of reflection from a 
thin ionized layer. 


or 


1 tan 3 /=!-}- 


or 


sec 2 i 


1 + 


D 2 
Ah 2 
Df 
Ah 2 ' 


...( 6 ) 


From equations (4) and (6), we have 


P_. 

// 

The equation (7) gives 
the maximum frequency which 
may be used for the minimum 
distance i.e. the skip distance, 
upto which a particular fre- 
quency can be used. Thus 

/ma*.=/ 0 j(^4F^) 


1 + 


Df 
Ah 2 




J{ 


1 




...( 8 ) 


Fig. 17 (b) Transmission over a curved 

eaith by reflection from the 
ionised layer. 

, 1®). Curved earth (Thin layer) : If the earth is considered flat, 

then it is obvious that as the angle of incidence of the wave is in- 
creased, the skip distance will also increase until it extends to infi- 
mt y- however, the curvature of the earth is taken into account, 


- £ 
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the skip distance cannot extend to infinity ; but attains a maximum 

value when the ray leaves the transmitter tangentially to the earth 
(fig. 176). 

Let 26 be the angle subtended at the centre of the earth by 
transmitting distance D ; we have 

D=2R0, 

BT R sin 9 


...(9) 


tan / 


or 


tan 2 i 


o • 


cos 3 i 


AT h+R-R cos 6 ’ 
sin 2 6 R 2 
(h+R- R cos 0)~ 

Therefore, 

,/c a (h+R-R cosfl) 2 

f 2 R 2 sin 2 o-\-(h+R~R cos 0 ) 2 

Under the condition of maximum D tkiVi 6 is maximum 
given by 

S nce R~^ cos 1 or 6 is alwajs very small. We 
therefore, write that 


..( 10 ) 

and is 


iay» 


cos 9—[ 1 


6J 

2 


.. (ID 


On putting for sin 6 and cos 6 in (10), we get 

/.■ {*+*-* (i-f)}* 

P 


R 2 6 2 | h + R-R ( l -t 


2 \ 1 2 ’ 


D 2 



Putting 02 = -^— t W e get 


fZ 

f 2 


h+R—R+ 


IT V 
SR 


D 2 f , D 2 12 

t _ +J6+7? — /?+ 


SR 


h+ 


D 2 

SR 


or 


f 


max 


fc 


D \( h _ L D * V 

4~ + \ h+ tR 


D 2 + 4 h + 





1/2 


...( 12 ) 
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Variation of maximum usable 

» fmaslfa with trans- 
mission range D for curved earth 

and thin ionised layer has been 
plotted in fig. 17 (c), for two 
altitudes i.e. for E layer (110km.) 
and layer (300 km). It i<* reason- 
able to expect that the optimum 
short wave frequency will be high at 
low altitudes . 


Fig. 17 (c) Variation of MUF with 

distance. 

29 6. EQUIVALENCE OF VIRTUAL HEIGHTS OF REFLEC- 
TION FOR OBLIQUE AND VERTICAL INCIDENCE : 
(Group Path and Equivalent Path) : 

.In this article, we shall prove the following two theorems : 

(/) ^ The time of travel of a radio wave around the real curved 
path in the ionosphere is equal to the time of travel around the 
virtual triangular path at the velocity of light in free space. 

(") If a vertical ray of frequency > f c , and an oblique ray of 
frequency, f are reflected from o* e and the same region in the iono- 
sphere that is, if the points of reflection are at the same real height , 
then virtual height is also the same for both the rays. 

Proof of First Theorem : Let a sky wave, incident obliquely 
at an angle, /, on the ionised layer, travelling from T to /?, follow 
a path such as TBR (fig. 18a). The apex B of the path corresponds 
to an ionisation density sufficient to reflect back the incident wave, 
rath T,M and NR are traversed in air (p= \ ) with velocity of light 
|n free space, while path MBN lying in ionised region < i) % 
is traversed by the group velocity*, tv of the waves in the ionised 
region that is less than the velocity of light. Path TBR is called 
group path Refer to fig. 18 (a). The two waves, one incident 
obliquely, other vertically are shown. The real height for the two 
waves is ( h 0 +y Q ), while virtual height for oblique ray is 

( ho+y' v j and for vertical ray is (//q+Jv). For the proof of first 
theore m we are to show that 
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tTMBR = tTMAR 

or (psth MAN being considered in free space) 

i.e. time along the triangular path & the curved path, taken by the 
wave to travel is the same. Actual pat h is TBR and equivalent path 
(virtual path) is TAR, the latter is considered in free space. 



Fig. 18 (a). Actual height from where both rays are re fleet ed=A 0 +y t 

virtual height for oblique ray^Ao+y' 
virtual height for vertical ray«A 0 +.y 

Consider now that the whole triangular path TAR , obtained 
by extending straight line portions of the actual path TBR, lies in 
free space. Then time taken in traversing path MAN will be 

. path MAN 

tMAN= - ... 

C 0) 

Let us consider path MBN. Velocity at any point in the 
ionised region is given by the group velocity, 

/ . 80 6 N \'I2 

C ( f* )' 

where N is ionisation density at that point and /is the frequency 
of wave incident obliquely. Since N varies, v„ will also vary along 
the path MBN so that time taken by the wave to travel along this 
path will be 

tMBN= [ ~ 

J MBN Vg 

Since v a v P =c 2 and n—clv v , we have v g =fic, so that 

r * 

MBn j MBS pc c . J mbs i* ..(2d) 

We, in fig. (186), are again showing separately the path MBN 
in ionised region. While the wave is travelling, at any instant, t 


v 
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let ds' be any element of path, r be the angle made by the direc- 
tion of propagation of the group at any point in its path with the 
vertical, dx' be the horizontal component of ds' and \i be the 
refractive index at that point then 

dx'=ds' sin r 

so that 


tMBN 


> 


IT <&' 

C J MBY V-' 

1 fA* dx' 
c Jo P-' sin r 



8 



Fig. 18(6) Showing the path MBN in ionised region. 

But according to Snell’s law, 

. sin / 


sin r 


so that 


Jmbv 


1 fA* dx' 


Ax 


sin i c sin i 


...(3) 


But from A MAN (fig. 18a), we have 


A* 


MA sin i 


or 


Ax=2MA sin i=MAN sin i 
Putting it in eq. (3), we get 

MAN 4 

— — ~IMAN 


(see eq. I) 


This proves the theorem that time taken along the path MBN in 
ionised region is the same as the time taken by the wave in tra- 
velling along the path TAR considered fully in free space. Thus 
time of travel along actual path and equivalent path is the same. 

Proof of Second Theorem : In fig. 18 (a) we have shown two 
waves— one incident at an angle, /, at the ionised layer and the 
other incident vertically. Both are reflected from the same real 
heights. We are to show that 
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ho +y' v = h 0 +y v 


or 


yl =yv 


wave 


Also 

V-B 

sin i 

“sin 90- Sln ' 



=(l 80 / 6 1 % ) ,, ’ 

so that 


or 

h-b 2 = 
80 -6N b = 

= sin 3 / —( 1 80 ' 6A ^ 

V / 2 

=/ 2 cos 2 / 


For vertical wave, i=0, so that 

k 15 tefmed aS criti , caI fre quency (or equivalent normal inci- 
dence frequency corresponding to oblique incidence frequency, /). 

sed r£fer t0 fig ’ - (18b) - For any P oint > say above M, in ioni- 
sed region, we can write equally well that 

80'6jV' 

V- 


'2=1 


i 


1 


/2 

80-6A^' 

80*6AT b 

80-6W' 


cos* i 


(using eq. 4) 


Further 


fc 


COS 2 I 


...( 6 ) 




sin i 
sin r 


or 

or 

or 


'2 


M' 2 (1 


/x a sin 42 r=sin 2 / 

—cos 2 r)=sin 2 / 

cos 2 r-f-sin 2 / 


or 


Equating eqs. (6) and (7), we get 

'2^2 | • » • t 80’6A^' 

M 2 cos 2 r+sin 2 /=1 — -L 

fc 2 

A*' 2 cos 2 r=cos 2 / f 1 — 


...(7) 


cos 2 / 
80 -6 


0-6N' \ 
fc 2 / 


/*' 2 COS 2 / 


...( 8 ) 


where /x' is the refractive index of the same region for vertical 
wave frequency, / 0 , the critical frequency. 
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From fig. 18 (a), we have 

*=MA cos z = cos — 

2 

cos i MAN 

a • C « 

^ c 
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COS / 
2 

cos i 

T“' 

cos / 


■CJmDn 


ds' 


MBn f 


(using eq. 26 ) 


^ J a/^v 

If is the component of path element * 
direction (fig. 186), then 

dy* — ds' cos r 

so that 

dy* 


in the vertical 



cos 

2 j 0 fi' cos r 

dv' 


COS / 


0 / COS / 

■ .cos r 


...( 10 ) 

(using eq. 8) 


C c* 


cos r 


y»dy ’ 

0 / 


...(II) 


But /*' corresponds to a wave of frequency, / c , which is inci- 


dent vertically (z=0) at the ionised layer and therefore 

f dy' 

I — =>’« 

J 0 


a 


...( 12 ) 


or 


Therefore from eq. (11) and (12), we get 

K =y* 

y' =h 0 -}-yv 


0r virtual height of oblique wave=virtual height of vertical wave 

f ;„ T j US the ei Pd valent height of reflection of a wave of frequency 
Jc, f?C‘dent vertically on the ionosphere is the same as that of a wave 

rlLTZ Cy ’ f ’ \ ncident obliquely , provided that the two waves are 
J cteafrom the same region of ionisation. 

297 ‘ 5KSL ODS FOR MEASURING the height and 

™ n ON concentration of ionospheric 

(A) Pulse Method : One of the radio methods developed for 


1360 


Hand Book of Electronkt 

exploring the ionospheric region and which is now universally 
employed is the pulse method, first introduced by Breit and Tuve. 
The ionospheric quantities that can be measured by radio method 
of exploration, in particular by pulse method, are following : 

(a) Time taken by the radio signal to travel up and down 
from the ionosphere. 

(b) Intensity of the reflected signal. 

(c) The state of polarisation of the received signal. 

{d) Maximum electron number density of an ionized layer. 

(a) Determination of equivalent height : 

Principle : In this method, time taken by a series of radio 
frequency ‘pulses’ of short duration to travel up to the ionised 
region and return to the earth is measured, Knowing this time, 
the equivalent height of the reflecting region is easily calculated. 
This method is also called ‘group retardation method’ because the 
signal in its passage through the ionospheric region travels with 
the velocity appropriate for a wave group. 

Method : An actual sky wave travelling from T to R will 
follow a path as TBR [fig. 19 {a)]. The apex B of the path corres- 
ponds to a point in the ionosphere where the electron density is 
such that the wave is reflected. 


/OA/OSPH&tE 




v/ftru*L / 

H£GHr fi 


-=kz LO*S# 
\£06£ Of 
| lO+rOSfWERS 

ACTUAL 






Fig. 19 (a) Illustrating the principle of measuring the 

equivalent height. 

The paths TM and NR are traversed in air (p=l) with 
velocity of light in free space. The length MBN, being in 
ionized region O < 1), is traversed with a group velocity* 


the 

the 

less 


•The phase velocity is determined by the rapidity with which the phase 
changes along the path of a wave and is, therefore, different from signal or 
group velocity. We have seen that for ionised region, the group velocity is 

•-*y< -T)- 

predicting that 


c . 


for ionised media. 
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than velocity of light. The time taken by the signal to traverse the 
path TMNR is, therefore, given by 

- 1 

)tmnr V 

where ds is an element of path and v is the velocity of wave group 
at any point in its path. 

Consider now the triangular path TAR obtained by extending 
the straight line portions of the actual path TBR. The time req- 
uired for a signal to travel with the group velocity over the actual 
path TBR is then the same as that required for a signal travelling 
with the velocity of light to travel over the equivalent path TAR*. 
Thus the ionosphere could be replaced by a perfect reflector located 
at the height of point A (virtual height) without affecting the 

conditions of propagation. The path TAR is therefore, called, 
the equivalent path P\ Thus 

Length of P'=^c ( — 

)tm\r V 

. this way we get height AG of the vertex of the equivalent 
triangle which is called the equivalent or virtual height. The 
equivalent height is thus always greater than the true height BG 
of the point of reflection. 

Technical Deta :! s : Transmitting and receiving systems f or the 
pulses sent upwards for the exploration is shown in fig. 19 ( b ). 



w&nEatm 


7 /\cx 


L 


i-ft 



'Al/WUi 
'61 A 




OtrrcTt. 

*6/0/0 



osc/uo- 

SCOPF 





S#YC*W-\ 
/V/Z£* 


Fig. 19(b). Assembly for pulse method. 




*The group veloeity in the ionosphere is just enough less than the 
velocity of light to make up for shorter distance. 
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transmiltil The flt°n"v P oS,^“ Ut 1° ‘° J 00 <* r “*ond are 

a frequency range of perhaps (?5 2 graa . ualJ y so that 

Receiver is located at a"dttanceoHir?eet f Tom al the' 1 r d ' ei ' V?US ' 

oscilloscope. On ^ platf or hn^nn^'f^ defl . ection plates of the 
voltage is applied but irtpm J c ° 3 deflec L t,on . plates - n ° external 
sent upwards is used Firct ih wee P synchronised with the pulses 

and then the reflected oulse Jfi* r f. nsmittcd P u ^ (ground pulse) 
deflections as Sown in* fig mc» Th? Pf ° dUCe Verticai 

(if t he waves are The , haI / of th,s distance travelled 

height. We calculate vrrmaf ^ ^ Cl g ‘ ve the virtual 

as if ionis.d region il nnf hei , ght because it has been assumed 

entire path with veZhv * P - and the has traversed the 
by the following example “ ^ SP ^' We ,IJustrate the msthod 

If the SrrJS di 9n DCe be,Ween the grOUDd " d sk * pulse is 6 cms. 
sweep speed js 20 meters per second, then to find the effective height of 


6#oaw 

mi? 








I 


(&) nmvsav 

M3/?/Z 0/\Z7~AL L Y AfOiMVG J/V r 
(■SfV£&°) 


F g. 19 (c) 

the ionospheric layer, assuming the speed 

space to be 3x 10® kro/sec. 

In this example sweep speed is given, 
ground and sky wave pulses is 


of electromagnetic waves in free 
Therefore time interval between 




second. 
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The total distance travelled by the sky wave, will be 

=® x io x3xl0 ' met;rs - 

= 4 x 10* meters. 

so that the effective heigh will be 

= 12 x 10* meters. 

Additional pulses, though absent in many ca8es, * e P r ® s *J 
either waves returned from higher layers or waves that tave ; mad 
more than one round trip between earth and first lay^ A seeond 
echo pulse would mean the sky wave pulse that has taken one p 

more between earth and first layer. 

(b) Maximum Electron Density : . rpr mine 

<n When the magnetic field is not accounted : To ^mrmtne 
the maximum electron number density N„ a *. of a “ ° ve rti- 

exoloring waves of gradually increasing frequency are stnX 
cally upwards to meet the layer. Reflection will ^ur upto a 

Acre will be no reflection. The limiting frequency at which he 
reflections -the so called 'echos’-just begin to disappear, is called 

the critical penetrating frequency of the layer. 

Condition of reflection from the ionospheric layer is 

. 2 . I( . 4t Ne 2 ' 


a 


In case of normal incidence, i — 0, i.e. p Q 
N=N max . and oj — oj c — 2 rf e . 


We get 


1 


4 vN, 


max 


ma> c - 


= 0 , 


N. 




max* 


/ c 2 = 1'24 x 10 4 / c *. 


where f c is expressed in megacycles per second The determination 
of f e , therefore, leads to the calculation of the maximum elect ron 
number density of the ionospheric layer penetrated. 

(«) When the magne ic field is accounted : When magnetic 
field is present, the wave is split up into two components and the 
equivalent heights of reflection and the penetration frequencies oi 
the split components — the ordinary and extra ordinary 

be distinguished from each other. 

As the frequency is increased further above the critica re- 
quency for the lower layer, a second and sometimes u ’ 

frequency may be reached corresponding to the critica q 
for the higher layers. Virtual height and frequency curves are 
shown in fig. 19 (d). In figure, O indicates ordinary ray and x 
indicates extra-ordinary ray. At higher frequencies, 
magnetic field causes the virtual height trace to spH in o 
parts corresponding to ordinary and extra ordinary rays w ic 
have different phase and group velocities. 
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^ -doo 

r „ 



r WC 
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<=■ ^ * 5 6 6/0 

S r '?£Q6 / £//Cy/A/AfC/s — s- 


Fig. 19. (d)y^ represents critical frequency of F. layer for ordinary ray 

/Fj represents critical frequency of F, layer for extra oral- 
nary ray etc. 

sSSsrFF'S-. 

ra .on frequences of these components. Thus for oSart wav 
if the critical penetration frequency be/* then ’ 


N. 


nm 


max 


fc a . 


...(/) 


guish^d':^ 6 extfa ordinar y wave following cases are to be distin- 

quencvtt«| If -I hee wh ring ». frequency is greater than the gyrofre- 
quency (co > oj„) y then the extra-ordinary ray may b- reflected 

from two distinct regions of electron density gtoeoby 

w e W-cu^. 

art. 294 tha C t a are e dcrived frora condit ions of wave reflection from 


O) 


\+A = 0 
1 -\~A = iy 


for ordinary ray 
for extra ordinary ray 


Putting .4 


— m<x>‘ 

4 nNe 2 


and y 


V(C L * 


C t z ) 


with 


Ci 


we get 


—.Hl.co 

c 

e 

4 nNe 2 

and Cj— C 

4*Ne 2 * 


e 

mco 2 

— OJ 

, c 

4 nNe 2 

= ± 4 
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±~. 


.oj.ir 


4rrNe 2 


Putting 


4r:Ne 2 


u> c 


m 


, called critical frequency 


and 


i we arrive at 


a> H 


ell 


me 


, called gyromagnetic frequency 


I 


CO 


CO 


3 


± 


CO. (Jiff 


CO 


or 

or 


(o c 2 = oj 2 ±aj.ojff 

f> 2 =f 2 ±f-fn. 

Since electron density increases with height, the region defined 
oy (ii) is at a lower level than defined by (ii :) . Generally, most of 
the energy will be reflected at the lower level. If we denote the 

critical frequency for thus layer f x =-~ , then from second condition 

T * 


4ttA ; 


max 


. e - 


ni 


4- 2 fJ— 4 tt- f z .f H 


or 


N. 


max ~ ~f* ///)• 


.. (iv) 


. 1Ptbe exploring frequency is less than the gyrofrequency 

en the extra-ordinary component is reflected from the level 

o * * C II U y 


to 


C OJ~ (JJ CO ff 


from which we get 


N, 


rjn 


max • — o 

e* 


( fx 2 +fx- fu), 


■■ (V) 


He 


where ///— 2 rmc > called gyromagnetic frequency. 

^ Automatic Multi frequency Ionospheric Recorder : Owing to 

neces^rv d ges in ionos P heric characteristics, it becomes 

that . frequency range of pulses to be sent upward be 

automn> m aS Short a time as p° ssible - The niain characteristics of 

onw™, , ap P aralus . as distinguished from manually operated 
Vlics > «re that 

tbe transmitter and receiver tuning systems are always 
* e P l tuned to each other, J 

overl'h th< t oscil, ator frequency is slowly varied automatically 
er the entire range, and 

intervals ^ ° perati( n is re P eated automatically at predetermined 
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Main construction details should, therefore, include the 
following : 

(a) Transmitter : It consists transmitting valves in push pull 
arrangement for high power output. The entire frequency range 
to be covered say 1— 13 mc/s, is divided into bands and for 
each band, separate oscillator tank circuits are employed 
Transmission line feeds the power to antenna having broad band 
and vertical directivity. 

( b ) Receiver : It is of superheterod\ne type having 2 or 3 
intermediate frequency stages. The tuning range of the receiver 
is divided into a number of K*uds corresponding to the number of 
bands cf the transmitter. E ih tuning unit has its own r f. and 
mixer stages and is interlocked with the corresponding band of the 
transmitter. The selectivity of the receiver is adjusted to accept 
the bandwidth of the pulses without serious loss in sensitivity. It 
is also designed in way as to be able to recover quickly from the 
paralysing effect of the direct transmitter pulse. 

(c) Recording System : It is a C.R.O. with a film camera. 
The output of receiver, which always remains in tune with the trans- 
mitter, is applied to the vertical deflecting plates of the oscillo- 
scope. The time base of the oscilloscope is generated by a circuit 
driven by the main multivibrator pulses. The echo pattern 
produced on the screen is photographed continuously on a moving 
film by the camera. From the calibration markings on each 
record, the heights and the penetration frequencies can be read 
directly with accuracy specified. 

( d) The variable frequency tuner : It is responsible for 
controlling the tunings of the transmitter and receiver, and for the 
repetition of the frequency sweep at predetermined intervals. The 
variable condensers, of both the transmitter and receiver circuits, 
are driven mechanically so that transmitter and receiver remain in 
tune. 

(C) Panoramic Recorder : This recorder depicts a delineated 
virtual height v/s frequency curve on the oscillograph screen Thus 
a standing picture of the reflections from the various ionospheric 
layers is readily available and we can study the rapid ionisation 
changes in different layers occurring during radio fade-outs 

and magnetic storms. It also displays the echoes of sporadic 
£ layer (whose height and location rapidly Cuange . 

For recording arrangement, a large cathode ray tube with 

long after glow is used. The ground pulse (pulse which is sent 

upwards by the transmitter is also fed to the receiver) and the 
echoes appear as bright spots and the time base sweep moves 
horizontally as the frequency is increased. Thus if frequency 
sweep is sufficiently quick and the afterglow is sufficiently long , the 
virtual height v/s frequency curve will be directly traced and 
observed on the screen as a bright line. The special refinements 
cf this type of recorder are 
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(i) bright spot records 

(ii) fast frequency sweep (5 — 10 secs.) 

(iii) arrangt meni for slow movement of the time base as the 
frequency is gradually increased. 

[ts principle of construction is depicted in fig 19(e). Details 

can be listed as follows : 

(>) A correction wheel tunes together the transmitter and the 
the receiver, 

(ii) C.R O. screen has an afterglow of about 10 seconds, 

(iii) the size of panoramic picture is 18 cm x 9 cm 

(iv) record for each picture takes 3- 5 seconds, 

(v) frequency range is from 14- 14 rac/s, 

(vi) the vertical deflection line moves from left to right 
in synchronisation with the rotation ol the high frequency tuning 
system, producing the afterglow pattern 
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Fig. 19 ( e ). Panormic ionosphere recorder scheme. 

29 8. STRATIFICATION OF IONOSPHERE : 

The upper part of the earth’s atmosphere absorbs large 
quantifies of radiant enerpy from the sun, which not onlv heat 
Ihe atmosphere but also produce some ionisation in the form of 
free electrons, and positive and negative ions The part of the 
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Kpher^" 6 ’ Whcre the ionisation '» appreciable, tailed 
from 1 , he sSnandh variefwUh ^ Z ?' “ ed f ^ "J'^olet radiaiioa 

year, and the long ,1 a ,u h "™ e of the da ^ the time of the 
very small increasing rn ann eaf t| 1,s surface the ion density is 
and 150 km While^ th ppreciable values at altitudes between 100 

atmosphe “'.he »nee„, aZs “vf™ i,rib " ted ^inuoasly in the 

^eir critical frequencies and viS[ height's /"r termS ° f 

and viriual height is he maximum electron density of the layer 

° f the a ‘ which tnati- 

. The three ionospheric re- — — » 

gions of great importance as far = 

as radio communication is con- ^ 

cerned, are denoted hv th* v * t ^ 

Kr, layers. The ran S e of I 

altitude over which these lavers ^ 

may vary is shown in the fig 20 Hj 800 ■ — ^1 /e£&0* 


f z #£G/0* 


zoo 


F.&&0/V 


In addition to three regular $ W \~ 

la y ers, there is a region below ^ ( 

r la yer, which is responsi- Fig 20. Illustrating different 
oH»n!!oii mUC c da ^ ^me ionospheric layers with altitude. 

lies between he - 'm ^ r ?^ uen £y ra dio waves, called the D region. It 
not kn^whhtnato;' 5J « 90 k “' *«• — is 

An anomalous ionisation, termed* sporadic E, is often present 
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(a) (6) 

_____ ^‘6- 2 1. Illustrating ionospheric layers. 

Pre a ence of this region in E layer is quite irregular aDd hence it is termed 
as sporadic E layer. 
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in the E region in addition to the regular E ionisation. It often 
occurs in the form of clouds, varying in size from roughly 1 km. 

> to several hundred kilometers across. Such sporadic E ionisation 
occasionally will reflect v.h.f. waves upto 60 or 70 mc/s, giving 
very long distance transmission on such frequencies. The occur- 
rence of sporadic E layer is quite unpredictable. It may be ob- 
served both in the day and night. The cause of sporadic /? ionisa- 
tion is still uncertain. 

Variation of critical frequency and virtual height of layers with 
time of the day and of the year : 

Refer to fig 22, in which monthly averages of critical fre- 
quencies and virtual heights as a function of time of day for winter 
and summer, and for two parts of the 1 1 year sunspot cycle are 
shown, The following predictions can be laid for various layers : 

D layer : Virtual height of refection lies between 70 and 
80 km. It is able to reflect back very long waves (> 10 km) 
incident on it. Reflection of waves is not due to bending but 
corresponds to the process of reflection from a boundary discon- 
tinuity. The maximum electron number density is few thousand 

electron per cm 3 . 

E layer : The virtual height of E layer remains substantially 
constant between 110 and 120 km. throughout the day and from 
season to season. However, the critical frequency of the E layer 
shows diurnal and seasonal variation. It increases with the altitude, 
of the sun and is maximum at noon. It has been shown that / e, 
the critical frequency of E layer is given by 

fb = ky (co s <//), 

where 0 is the zenith angle of the sun and k is a factor that depends 
upon the intensity of radiation from the sun. 1 he relation is not 

> valid when 0^9O 3 . In the night, fz. falls below 1 mc/s. 

Fj layer : It exists only in day time. The virtual height is 
of the order of 225 km during the middle of the dav and is consis- 
tently maintained from season to season. Variations in crit cal 
frequency of F x layer are the same as in case of E layer, i.e. the 
maximum occurs at noon, and summer values are greater than 
winter values. However, it does not obey any such relation as /e 
follows. 

F 2 layer : The virtual height and critical frequency of this 
. layer show quite a large variation during the day and from season 

to season. Virtual height in summer ranges from 300 to 400 km., 
whereas in winter it goes down to 225 km. The critical frequency 
is much higher in winter than in summer. 

In the night F x layer disappears whereas E, layer continues 
throughout the night at a height of 300 km. approximately. 
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Fig. 22. Diurnal variation of critical frequency and virtual height of 

regular ionospheric layers fa) summer at period of sun- 
spot minimum; (b) summer at sunpot maximum ; (c) winter 
at sunspot minimum ; (d) winter at sunspot maximum. 

e superscript, 0, for example in /» refers to ordinary 

ra ^; f Fj denotes the critical frequency of F- , layer fcr 
ordinary ray. 

Theories about the production of layers : 

that ^ip^aver rnn Jh U, f an< *4 iP em,n ® independently pointed out 

layer may be formed by ionisation of 0 2 , at the first ion i- 
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sation potential, in the region of transition where molecular oxygen 
is dissociated and where, as a consequence, its density falls of 
with height much more rapidly than for a simple isothermal atmos- 
phere. Bhar assumed the ionisation at second ionisation 
potential. Objections, however, were raised to both these assum- 
ptions. 

Nicolet pointed out the existence of a number of strong absor- 
ption bands, superimposed on the feeble absorption continuum of 
0 2 in the energy range (12 20 to 13 55 eV). According to him, 
E layer at the observed height is produced by pre- : onisaticn of 0 2 
in transition region, which is a result of absorption in the s'rong 
bands, and this view is now generally accepted. 

D region : The virtual height of reflection of these waves is 
found to be between 70 and 80 Km. Thus D region ionisation lies 
between 70 and 90 km. The most comprehensive view is due to 
suggestions by Nicolet, which follows : 

(a) a normal layer due to the ionisation of 0 2 at its first ioni- 
sation potential, 



/ OA>/Z/1 7/0, V OB/VS/TV 

Fig. 23. Curves illustrating ionisation distribution with height. 

(b) a layer more or less sporadic due to ionisation of sodium, 

and 

(c ? an extra ionisation during fade out due to ionisation of 
NO by A = 1300° A. 

Regions F x and F 2 : Bhar in his work attributed region F 1 to 
the ionisation of A r 2 at its second ionisation potential and region 
to the ionisation of O at its first ionisation potential. The theo- 
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retical ionisation distribuions are shown in the figure 23. It was 
suggested and advanced by Bates and Massey that F 1 region is 
produced not by ionisation of N 2 but by ionisation of atomic 
oxygen. Hence according to the accepted view, it is produced by 
ionisation of atomic oxygen. The new conception obtained excep- 
tionally agrees well with Chapman’s theory. 

It is further proposed that F l being produced in the normal 

manner by photo ionisation of J 2 , the F 2 region is produced by a 

sort of bifurcation of the same according to one of the two possible 
prcocsses : 


(0 The one. favoured by Mohler, and by Bates and Massey 
is that the effective recombination coefficient decreases with height 
so rapidly that a maximum of equilibrium electron density is formed 
at some height above the F 1 region maximum. The region appears 
as double, maximum observed at level of F } . another at the level of 
£» with a depression at an intermediate level. 

(77) The other process advocated by Martyn is that the bifur- 
cation is caused by the motion of the ions in the earth’s magnetic 
field. c 


Refer to Table for comparative study on page 1372. 

29*9. CHAPMAN THEORY OF LAYER FORMATION : 

The regular ionised regions of upper atmosphere owe their 

origin primarily to solar ultra violet radiation. I he intensity of 

ionising radiation increases with height, whereas the density, p, of 

atmospheric particles decreases with height, and its variation with 
bright is given by 

P=P 0 e~ h,H , ...(1) 




M A V* 




fiAY 


AB=cth secy^j ^ /0/Vos ^e A - (!> . 


where p 0 is the density at the reference 

KT 

constant equal to — , called scale 

mg 

height (value of H is about 
10 km. In this expression K is 
Boltzmann constant). Thus, the 
two opposite processes— one in- 

crease in the intensity of solar 

radiation with height, and the 

other decrease in the density of 

jonisable particles with height 

lead. to the formation of strata of 

maximum ionisation at different 

heights These strata are called 
ionospheric layers. 

angle L ftn S th° nSid , er S , olar monochromatic radiation arriving at an 
traver^ino tn' Y? rtIcal and ^11 in the intensity r of radiation in 

£srs?& atr P c Sef ( ^" seo « is « * «»*• 



£A?t, 

Fig. 24. 
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Let A be the absorption coefficient per unit mass of the gas per 
unit intensity of radiation, then absorption of intensity in travel- 
ling the distance AB will be 


<//= Absorption coefficient x Mass of atmospheric 
column of height dh sec 4> and unit area of 
cross section x Intensity 

= Ax P dh sec 4*x/ 

=P AI dh sec <J>. ...(2) 

Putting the value of p from equation (1) and integrating bet- 
ween the limits oo to h, we get 

* d l « 


r d 

L / 


A sec 4 1 Po e_A/i7 dh. 


But on left hand side we should impose the limits of intensity 
i.e from I 0 to /, where 7 0 is the intensity of radiation before it 
enters the atmosphere, i.e. value of /at h= oo. Therefore, 


d! 


AP 0 H sec 4 1 e~ h,H 


or 


..-(3) 


log (f/I 0 ) = — A? 0 H sec </> e~ hlH 
or / = /„ exp [ — Ap 0 H sec 4 1 e~ h l H ]. 

Let p be the number of ions produced due to absorption of 
unit quantity of radiation. For an amount dl fall in the intensity 
of radiation, the total ions produced will be p dl. The rate of ion 
production will be governed by the rate of fall of dl, with distance 
AB ( =dh sec ^). So the rate of ion production, q, at the height h, is 
given by 

o dI 

o=p 


dh sec 4* 

« , dI 

=/s° os + dh . 

Differentiating equation (3) with respect to h, 
d 'l 0 \-AP 0 H sec < 1 SCC * ^ 


...(4) 



...(5) 


Putting this in equation (4), we get 

D . T — h/H— AP 0 H sec 4* er^ B rg) 

q=$Ap 0 I 0 e ' 0 Y 

To find the height at which q is maximum, we have the 
condition 


dq 

dh 


PAIqPqI 6 


— hlH—Ap 0 H sec ty.e 


-h 



X 


or 

or 


1 =A^H sec tp.e- h i ti 
e h l u =Ap a H sec 


^ -jj+Ap 0 H sec ^.e^ a . ^]- 


0 
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Denoting this height as h max ., we write 


exp 


inar • 


(-» 


Ap 0 H sec 4>. 


...(7) 


Now the maximum rate of ion production will be 


<7m 


MV. ( J , 1 exp 

' A9 0 H sec 1 r 


Apjl sec <}i. ----- 


/I P 0 II sec ^ 

alter substituting equation (7) in equation (6). Therefore 

1 \ 


Qmax — flA po/( 


A/ 


. e 


-i 


...( 8 ) 


yf? 0 // sec 0 

, . e _, 

H sec 4- ’ 

At mid day when t/j = 0, equations (7) and (8) give respectively 

e h ' H ^AP 0 H 


and 


q ° H e 


...l ) 


where q« and h 0 are the values of q maz and h mcz for 4' = 0, 
Equation (6) can now be written in the form 

s -1 .//e +1 .^Po- exp | — -Ap 0 FJ sec if.e~ h l H 
which on using equation (9) becomes 


hJH .. 

q— q 0 e .e +1 exp 


— ~ ~/l? Cl //.sec iji.e 1 

rl 


q 3 exp 


1 + -- V, - - — Ap 0 H sec <j>,e~ l ‘i f ‘ r 


J 


If 


Again putting AP 0 H=e ^ H j 


= 4o ex P [l + (^~ i 


in exponent, we arrive at 

hi** 


sec \b.e~ 


p—hl H j 


\ , (h 6 -h)iH 1 

j-sec e 


...( 10 ) 

if we take /; 0 as the reference level from which the height h is 
measured and the reduced height z is expressed as 


h — h 0 

H 


then equation (10) can be expressed as 


<?=<** e 


1 - z— sec 


...(II) 


which isjthe desired equation that gives the rate of ion production 
a tunction of reduced height z and the zenith angle 4*. 

Deductions from Chapman’s Theory : 
the sun ^ ar tcition of electron number density with zenith angle of 
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For the ionospheric regions the electron number density 
changes slo wly with time during full day light hours. It means that 
at any instant in day light hours rate of ion production q and ion 
decay approximately balance each other i.e. variation ofion number 


dN 


density N with time is zero ( -y - 


j . Now if N be ion number 


density at 


any instant t and at a height h, then assuming that 


recombination is the only process of decay, number of ions lost 
per unit volume per second x ,V 2 =« N 2 . 


At the ba'ancing condition occuring at some instant during 
day light hours, rate of production must be equal to the rate of 
recombination i.e. 


q=a.N 2 


or 



a/V 2 =0= 


dN 
at • 


'ru r d do 1 — z - sec <1> 

Therefore, = _ e 

a a 

Variation of electron number density (>V) with reduced height 
(z) for various values of zenith angle (■!/) is shown in fig. 25. 

(3) Pa'ticle concentration of active constituent at the height of 
maximum of layer : 

The density of the active constituent at any height is given by 

P==P 0 e~ H i r{ . 

From equation (7), we have 

_Po COS <\> 

AHp 0 sec AH * 

This gives the particle concentration of the active constituent 
at the height maximum of layer ( h max ). 

In figure 25 variation of electron number density, N, with 
height h according to the simply Chapman theory of a flat earth, 
for various values of the sun’s zenith angle is depicted; while 
in figure 26 dependence of electron collision frequency, v, with 
height, /;, is shown. 

From figure 25, it is obvious that for curve 0=0, maximum 

occurs at — °=0 i.e. h=h 0 at which should be N 0 . Therefore 

H 

at this point N/N 0 = I. 

It is found that changes in the value of v affect the propa- 
gation of radio waves far less than changes of the electron number 
density N. For many purposes, it is therefore permissible to treat 
v as constont over a small range of height /;. This is especially 
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Fig. 25. Variation of electron number Fig. 26. Variation of collision 

density with height. iV 0 corresponds frequency with height h. 

to height /; 0 with «A= 0. 

true at high frequencies (greater than about 1 Mc/s.) where the 
wavelength is small compared with the scale height //, which is 
about 10 km. 

29 10. CONSIDERATIONS IN THE PROPAGATION OF 

SHORT WAVES : 

In this article, we shall account for the considerations which 
ought to be taken into account in deciding the frequency of 
transmission for short wave inter-continental communication, 
and also why and when is it necessary to alter the frequency tor 
such a communication. 

The term short waves applies to wavelengths from 103 down 
to 10 metres. The main mode of propagation of short waves is 
sky wave due to two reasons : 

(i) at these frequencies the ground wave is attenuated rapi- 
dly and its range is short, just a few' tens of kilometers. 

(ii) the sky wave signal is capable of multiple reflections 
from the ionosphere and can cover long distances because they 
experience an insignificant attenuat'on which decreases with the 
increase of frequency . Under normal conditions, D and E regions 
absorb the energy of the sky wave and F region reflects it back to 

' the earth. The absorption in F 2 layer can be neglected in com- 
parison with that in the E region. 

For short wave - inter-continental communication, two condi- 
tions must be satisfied simultaneously : 

(/) the frequency used must be lower than maximum usable 
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or*™ “tes "-i of usabie frequ t ncy - if ,te freq "“y 

pofir of r ccp,l° n d e t> ' he WaVCS WiM ,ail <° reach 

ccption, despite any increase in transmitter power. 

ption ‘it wmwl\ r *n S D and " f be su ^ lcier } t as to overcome theabsor- 
able reception. - regions and yet strong enough for reli- 

tion is not s^crittfJ^Tfh Usable frequency but this condi- 

may be comnens*te-l hv C - rS ' because use of a lower frequency 

P y an increase in the transmitter power. 

Alteration of frequency in short wave communication : 

can reflecf the Ker ‘ ° nisation density ofK layer is high and it 

regions will be in^ipnit/ tqUe ° C t> eS wbose absorption in D and E 
F, la yer goes dow?^^ , But in ni 8 ht - ionisation density of 
usable frequency of the lilsr c^ore, for reflection from this layer, 

reach (he desired W J VeS muSt be ]owered 50 as to be able to 
absorption is inrivac a w * rece P tlon * Though, at lower frequencies, 
is reduced an h n w ^ ™ in the ni 8 ht ionisation density dfi 
becomes insignificant!^ diSappears > the absorption of the waves 


0) ,ht S Te°n Se a situati!? 0 ' ceeps , on using ’daytime' frequencies at 
of F layer d-ons tn n ? nse wben l h e ionisation density. N, 

Vuansmit?V * ^ is unabIe to reflect the w * ve '•*’ 

cn,ly, the wave rtef ,^^27 T^' C °" Se<, '‘' 



frequency is greater lhan 
critical frequency (/> f c ). 



Fig. 27. ( b ). At day time D region 

appears, E is highly ioni- 
sed and so they absorb 
night time frequency wave. 


cps on using 'night time ’ frequencies 1 
a « ’ f 1 ^ *^ IS frec J uenc y * s below the critical frequency, it will t 
re cc*ed from f 2 layer but will be absorbed during its passaf 
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through D and E regions. The strength of the wave is so reduced 
as to be useless for reliable reception. 

It thus becomes obvious that during night, wave frequency 
must be brought down for faithful communication. 


Other factors affecting the short wave communication : 

(/) Solar activity : The earlier discu sion applies to norma! 
conditions of short wave propagation. But during periods ol 
high solar activity in summer, situation becomes different. Then 
£ region ionisation increases to such an extent that it often acts as 
a reflecting layer, instead of F>, for short waves and only D region 
absorption remains. 


(//) Sporadic E layer ; Normal conditions of short wave pro- 


ius 


pagation arc also upset by sporadic E layer which sometimes 
fairly high ionisation density. As it lies below F a layer, it then 
acts as a reflecting layer for short waves. 


Major advantage of short wave communication compared to long 
end medium waves is that they suffer insignificant attenuation in ihe 
ionosphere . 


29-11. PROPAGATION OF RADIO WAVES OF DIFFERENT 

FREQUENCIES : 

The propagation mode of a radio wave closely depends upon 
its frequency. In the present article, we shall discuss the propaga- 
tion of different frequencies : 


(1) Very low frequencies (10 to 30 kc) : The primary mode of 
propagation in this frequency range is the surface wave. Became 
of the relatively low attenuation, propagation over distance of 
several thousand miles is affected by this wave. The main cis- 
advantage with this mode of propagation is its requirement of high 
transmitter output and huge antenna installations. 


There is a possibility of sky wave propagation too. Skywaves 
are reflected back to earth w ith very little absorption after a slight 
penetration into the ionosphere (or from its lower edge). Since the 
ionisation density, on which attenuation caused by the reflection 
at the ionosphere depends, changes with diurnal and seasonal 
variations, the received signal intensity will also exhibit the simi- 
lar variations being strongest at night and in winter. This varia- 
tion for the signal for low frequency end is least and practically 
zero near 10 kc/s. 


(2) Low Frequencies (30 to 300 kc) : Because of the increased 
ground wave atrenuation, the range of surface wave propagation 
decreases and long distance communication becomes entirely 
dependent on sky waves. Also, with the increase in frequency, 
attenuation at the lower edge of the ionosphere becomes more 
appreciable in day time and in summer than during the night and 
winter. This causes the received signal strength to vary apprccia- 
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day^rtLS^suSr; COmmuni ' ;ati <>“ «• «* P-W. in fe 

or 4e„r r jsr&£5 x 3 r & zs 

ftrenoJ 8 " 2 ' Sh ° U ‘ d be stro "«• f™m Ming Z S- 

dav tilS S at broadcast frequencies are completely absorbed in 

nro 8 Z, nd Tf • ? ,nce the ground wave attenuation 

r i0Dal ° the earth ’ s cond .uctivity and directly to the square 
J* a I ) J n j f* p ^ K i ^ ^ t It i s wave die out* very 

creases. ^ conductivity decreases and signal frequency in- 

comnared^or^n^rv 0 ' ef tbe rece | ver a signal stronger as 
a transmitter in ° r no ' se ,eve ^ The area a ^ out 

P ZZXT er r J™' or 8i “P*y the distance upT^kh tZ 

cover ,le Th, f Cd above noise level is called primary 

the field Ktrf-nofh^ outslde tfie receiving primary coverage, where 
a h useful on ? d ° eS 0vernde interference fully but still gives 
dist mo- nnn ’ * s £ a 5;d secondary coverage area or simply the 

noiseTevens ; a n ^ fie '' d stren S th of sky wave » above the 
denends unn ed secondary coverage. Primary coverage area 

Mrth“frSZ? a ? m,t, 5 r P u 0W f’ Activity Of transmitting antenna, 

mine the errr, l Vlty and the f rec l uenc y- The same factors deter- 

area does not exceed 100 to 150 km. primary coverage 

narahlVtnVif^r °u Ver which the sky wave fic,d intensify is com- 
Secure pnd iJjS- ° f th< M round wave (at night) increased distortion 
hand n •' c IS different at different frequencies in a frequency 

auenrf^T u h ? the 7, od “ Uted wave (carrier and side band fre- 
quenc es). Such type of fading is called selective fading. 

anH ^ n ' g ! lt a stro "g sk y. wa ve is returned to the earth by the layer 
and serves to extend considerably the propagation range. 

• (4 J r High ^waci^ (3 to 30 mc/s) : For such high frequen- 
„ 1 ^ °. ar> ‘d wave attenuation is very large and therefore, this 
s ,roite d to very short propagation range. Sky waves are 
f c • or , on f distance communication the range being a function 
■ • , lgna frequency, ionospheric conditions and the angle of 

! enc ? of transmitted wave at the ionised layer (skip distance 
tl - ^ ^. Xl 1 mum usa t>l^ frequeucy, which clearly specify the condi- 
ions of sky wave propagation depend on these factors). 

Energy absorption by the ionosphere at this frequency range 
!S very °\v due to which ranges of thousands of miles are obtain- 

nf n i he wa . ve * are ^fleeted back from E or F layers. Appearance 

u layer in day time causes appreciable attenuation for lower 
frequencies 
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.JS Jery High Frequency (30 to 300 mc/s) : Surface waves, 

because of their high attenuation, and sky waves because of their 

failure to be reflected, almost fail to propagate signals of this fre- 
quency range. Space wave or line of sight propagaion is practi- 

tally the only mode of propagation in this frequency range. Due 

0 the refraction in earth’s atmosphere, propagation beyond the 
Sii5«np S,8ht 1S p0SSlbI ?- Thls fre quency range is adopted'. n short 

distance communication, radio relay systems, propagation of fre- 
quency modulated signals and television sicnals. 

[ 6 ) Ultra High Frequencies and Microwaves (above 300 mc's) • 
Only space wave propagation is possible. With the formation of 
inversion layers in troposphere, duct propagation is also possib’e 
Troposphenc absorption is high for 3.10- cs , /e . wavelength 

1 cm. or less. Microwaves are used in radar systems 

2912. IONOSPHERIC STORMS 

Sometimes it is noted that the absorption of skvwaves increa 
ses very much and also the critical frequencies of £ and ", S 

disturbances called ionospheric storms which last for days together. 

All ionospheric storms are associated with severe disturbance* 

• , le tcrr ® stia l magnetic fields called magnetic storms Due to the 

heSfa U n r S cSr f r i0n ° SpheriC *«* " ith ^finite vfl'ual 

EE™ 00 ° f j he ^nosphere is destroyed. Small clouds of ion- 
effects of *ii I ? ro ^ uced wh,ch mcve m an irregular manner. The 

almost neon 0 h m rm i aIe a PP rcciab ^ near the polar regions and 
almost negligible at the-equator, 

numerical exercises 

F ,J3’ • "\ e valu f s f rda,lK permittivity of D, E and 

egims ls *»’ 5x l0 ‘ md 2 02x ‘ c ekc - 

fhe relative permittivity is given by the relation 

. 80 - 67V 

* r p » 

where if N is in electrons/c.c. then /is in kefs. 

For D region ; 

e . 80-6x400 

Sr ~ (50xT0 3 ) 2 , ’ 
because we are to put /in kc/s. 

I herefore 

■=1 — l-29x 10-®s 


For E region : 


1 . 


1 — 


80-6x5xl0 5 


(50 x JO 3 / 

1 - 1-61 x 10-^0-9838. 
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For F region : 


1 


80-6x2 02 xlO 8 


(50 x 10 3 ) a 
1-0-651 xlO-^O-9348 


Ex. 2. Calculate the value of frequency at which an electro- 
magnetic wave must be propagated for the D-region to have an index 
of refraction of O’ 5. 

We know that index of refraction of the ionised region is 
given by 

W( ‘-W 




where if N is in electrons/c.c. then / is in kc/s. 


For D region, iV=400 electrons/c.c. Therefore we have the 
relation 

o-s =y( i- « 2 A^y9 .) 


or 


0-25=1 


32240 


P 


cr 


32240 

P=4^= 4-2986 XlO 4 


0-75 


or /=207-33 kc/s. 

Ex. 3. A skywave with a frequency of 50 mc/s is incident on 
the D-region at an angle of 30°. Find the angle of refraction. Given 
electron number density for D-region ( per c c.) is 400. 


We know the relation, 


sin 



1 


80-6W 


sin r V V P 

where N is in electrons/c.c., / is in kc/s, i and r are the angle ol 
incidence and refraction respectively. 


r 




Putting 


We get 


N 

f- 


400 electrons/c.c. 
50.10«=(50.10 3 ) kc/s. 


sin i 


sin r 

=Vd 

= 1 



1 


80-6X400 


(50 x10 s ) 
1-29 xl0“ B ) 


or 

or 


sin z 

1 


sin r 
r=30° 
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1 . 


3. 


4. 


6 . 


7. 


8 . 


EXERCISES AND PROBLEMS 

Give a brief account of the effect of the ionosphere on the sky waves. 
Show that the ionosphere behaves as a medium of refractive index 




9. 


10 . 


80 6 AO l 1 /* 

~7 r 

where N is electron density per c.c. and /is frequency in kc/s. The 
effect of the earth's magnetic field and collisions in the ionosphere may 
be neglected. 

Show that the ionosphere under the action of the earth’s magnetic field 
behaves like a birefringent crystal. 

Write short notes on : 

(i) Skip distance, and 

(ii) Maximum usable frequency. 

Obtain an expression for in terms of critical frequency of the 

layer. 

Determine the effective dielectric constant of a medium containing elec- 
trons subjected to friction Apply the result to explain the reflection 
of radio waves from the ionosphere. Why do the waves ol very high fre- 
quencies not get reflected from the ionosphere. 

Discuss in detail die pulse method of measuring the height and electron 
concentration of an ionospheric region. 

Give the block diagram of a suitable pulse transmitter that may be used 
for ionospheric measurement. What is the efTect of gradually Varying the 
wave frequency of the pulse used ? 

How is the ionosphere instrumental in achieving long distance radio 
communication ? For what frequencies in general is the ionosphere use- 
ful and why ? 

What are the modern views regarding the stratification in the iono- 
sphere. 

State and discuss the conditions ol total reflection of radio waves from 
the ionosphere. 

Prove that the skip distance D for a given frequency is given by 

/\ 2 - 
fc I 

where h is the effective height of the reflecting layer and f 0 the critical 
frequency of the layer. 

In a simple ionopheric height oscillograph record, the distance between 
the ground and the echo pulse is 1*6 cms. If the sweep speed is 20 
metres/second, find the effective height of the ionospheric layer assuming 
the speed of electromagnetic waves in free space as 3x 10 6 km/second. 

Describe the structure of ionosphere. Discuss the theory which explains 
the formation of ionosphere.' 

Derive formulae for magneto-ionic refractive indices and absorption 
coefficient. Discuss their application to ionosphere. 


D = lh 
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11. How does the presence of electrons affect the dielectric constant of the 

ionosphere ? Derive the expressions concerned. Why do the waves of 
very high frequencies not get reflected from the ionosphere ? 

12. Discuss the considerations which ought to be taken into account in 
deciding the frequency of transmission for short-wave inter-continental 
communication. Why and when is ii necessary to alter the frequency 
for such a communication ? (Art. 29*10). 

13. Show that, if a vertical ray of frequency f v and an oblique ray of fre- 
quency / 0 are reflected from regions which are at the same real heights 
of the ionispherc, the virtual height (of reflection) is also same for both 
the rays. (Art. 29*6). 

14. Describe briefly the essential components of an ionospheric recorder. 
Draw a typical ionogram indicating parameters normally scaled. 

15. Explain why is the ratio of lower frequency limit to MUF for carrying 
on radio communication at short wave frequencies is generally smaller 
at night than in day time (Art. 29*10). 

16. Explain why is it reasonable to except that the optimum short wave 
frequency will be high at low altitudes. 

17. Discuss theoretically the method of transmission of radio waves through 
the ionosphere at oblique incidence and show how the MUF for com- 
munication between two distant stations can be calculated for thin 
ionised layers. (Art. 29*5). 



4 
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MODULATION 


For the transmission of message to distant parts of the 
globe, sound waves are first converted into electrical signals with 
the help of microphone. To release this audio signal into space, 
antenna is employed. Refer to chapter 28 (antenna action), where 
it has been pointed out that for effective radiation of energy, 
antenna should be fed with high frequency electrical signal. But 
the frequency of audio signal is always quite low and consequently, 
it can not be fed as such to the antenna for communication. 
Therefore, before applying the audio signal to the antenna, a pro- 
cess is performed in which the audio signal is superimposed on a 
high frequency wave, called carrier wave. In this process, as men- 
tioned, a separate high frequency wave is needed because we can 
not change any of the characteristics e.g. 9 amplitude, frequency 
and phase of the audio signal as it would amount to a change in 
the message to be communicated. But the amplitude, or frequency 
or phase of the high frequency wave (called carrier wave) is modi- 
fied inaccordance with the audio signal (called modulating signal), 
so that the resultant wave (called modulated wave) inherits the 
signal. This process of superimposition of audio signal over 
carrier wave is called modulation. Since the frequency of modu- 
lated wave is quite high, effective radiation from antenna takes 
place. 

Thus modulation is the process in which tbe frequency level 
of intelligence is altered. There are thus two main reasons for this 
alteration in frequency level : 

(0 a * high frequencies, the intelligence practically can be 
transmitted by radiation, and 

00 different messages having different frequency level can be 
transmitted simultaneously without any interference. 

30 0. DEFINITIONS : 

Modulation is defined as the process by which some characte- 
ristic of a high frequency w'ave such as amplitude, frequencyor phase, 
is altered inaccordance with the instantaneous value of some other 
voltage called the modulating voltage. 

Modulating voltage is the signal while the voltage undergoing 

the alteration is a high frequency wave and is called the carrier 
wave. 
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Let the carrier voltage be expressed as 

= E c cos (cl> c / — {— 

Qi?enrv £ n^ peak amplitud f carrier voltage, cu c is angular ire 
quency of carrier wave and 6 is the phase angl 


a 

V 



...( 1 ) 

...( 2 ) 


Three cases may arise : 

(/) When amplitude if c is varied inaccordance with the modu- 

ing wave, the process is known as amplitude modulation: a> e and 
V remain constant. 

-.W a>c var ' es inaccordance with the modulating wave, 

modulation ^ rema ' n constant » the process is known as frequency 

(u'i) When B is varied inaccordance with modulating wave, 

w i e oj c and E c remain constant, the process is known as phase 
modulation. K 

30 1. AMPLITUDE MODULATION : 

in amplitude modulation, the magnitude of carrier wave is 
v ai ied inaccordance with the amplitude and frequency of the 

modulating voltage. 

Let the signal voltage be represented 

e m =E m cos oj m t, 

and unmodulated carrier be written as 

e c =E 0 cos ( aj c t+6 ). 

The carrier frequency w c is much greater than w m . 

The resulting modulated wave has the form 1 

e ={E c -rK a E m cos w m t) cos t o c t. ...(3) 

The amplitude factor {E, -\-K a E m cos a > m t) represents the sinu- 
soidal variation of the amplitude of the wave/A r a is proportionality 
factor which determines the maximum variation in amplitude for 

a given signal voltage E m . Phase 6 is taken zero because it plays 
no part in this process. 

The above expression can be written as 
/ , i K a E m \ 

^ H — £ COS cu m t 1 COS U) e t 

E c (1 + m a cos w m l) cos w e t 

ITIqEjq iyi T? 

cos (oj c +w m ) t+ C0S^(aj c —cu m ) t y 

- W 

J£"£ 

where m 0 = ^ m is called modulation index. The modulation 

index when multiplied by 100 gives percentage of modulation. 

Side Bands : In equation (4) we have three terai^: 

(/) E 0 cos co c t represents original carrier voltage. 




c COS (O c t -j- 
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( iiy y— cos (w, + W m )f 

1 i 

represents upper side band. 

(m) m fcos (oj 0 — r ^ 

represents the lower side band. ^ 
The lower side band ^ 

term with angular frequency ^ 
(uj e — a> m ) and upper side 
band term with angular fre- 
quency (o>,, + a> m ) are located 
on either side of the carrier 


C/>SX/E/r 


L O -.,:"S/CC 
CE-yVO ) 

I,' 


'His 


Ez 

~2~ 


4 


opppp sjoe 

( SAHD 

^ t 


! 


y^cL 


4 


1 


CJ 771. (bJ c -U'm) (Ug+Um 1) 

P/fcOi APFEEQUEA'CY 


at a frequency interval of aj m Fig. 1. Plot of frequency spec rum of 
in their frequency spectrum amplitude modulated wave. 

as shown in fig. 1. 

The magnitude of the amplitude of both the upper and lower 


side band is ~E 0 . If m a be unity, then each side band term is 

half the carrier voltage in amplitude. 

The carrier voltage component transmits no information, while 
each of the two side bands carries complete intelligence. 

Wavetorms : Figure (2) shows the waveforms ot modulating 
signal and that of a modulated wave called the modulation enve- 
lope. 




(CU) MODWAT/WG YOiTAGE 



771 ou E-c 



WAVE 


Fig. 2. Amplitude-modulated wave representation. 
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It is clear from fig. 2 ( b ) that m a E e =E max 

• yy. E maX E C 

• • *** a — 
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E c . 


E c 


E„-E. 


min 


Also m a E e —E 0 —E m , n . t m a - ^ 

Equating both, E max .-E e =E e -E min . 

V ^ c = E max .-\- E mtn . 
Putting this value of E c in 5 (a), we get 

m E m gr. — Emin- 

And therefore percentage^ of modulation 

T^'- xiOO.; 

Modulated waves with various degrees o i 

Modulated wave is expressed as 

e ~E c (l+Wa COS (u m t) COS (D c t t 


* S/GAMt 


•••(5a) 

...(53) 



..(Sc) 


odulation : 






W VZa,= / 0 


(e) -***>/ 

OE& ? 

MO0i/LsWOAJ 



Fig. 3. 


dulated wave with various degrees of modulation. 



M adulation 


1389 


where m 0 = -^-is modulation 


factor or modulation index, and 


its Yaluc ranges from zero to one. We shall now take the following 
different cases : 6 

(0 When = 

which means no amplitude modulation is present and the expres- 
sion tor e reduces to 

e = E c cos oj c t , 
representing pure carrier. 

00 When i?i a = O’ 5, 

which means percentage of modulation is 50%. In other words the 

extent to which carrier is being modulated is equal to half of its 
amplitude. 

(iii) When m a = 1, 

which impHes ,0 °% modutaiion. In other words, the extent to 

which the carrier is modulated is equal to its amplitude This 

means that at the negative peaks of the modulating signal, carrier 
amplitude is reduced to zero. 

0Y) When tn Q > 1, 


represents the case of overmodulation. For such a case expression 
tor e is no longer valid. At the negative peaks of modulating 
signal,. no modulated wave exists and thus such a case results in a 
distortion of the intelligence that is being transmitted. 

Energy distribution among the three components of amplitude 

modulated wave : The voltage components contained in the wave, 

represented by equation (4) have r.m.s. values equal to — 
m a E c V2 

and 2y/7 respectively. Therefore when such a modulated wave, 


having these three components, is impressed upon some resistance 
then the total average power dissipated would be equal to 

0 _E C \ mJE c * m *£ c * 
av ~2 R + BR d SR 


c 2 

c 




m 


a 


where 2 ^ represents the power dissipated 
nent alone. Obviously, 



by the carrier compo- 


that is, power content of modulated wave exceeds that of the 

sunDlmdhv mg , Un . m ° dulatcd carrier. This additional power, 

ener'ev corft modu . latm , p source - in modulated wave furnishes the 
nc P fni y Contain ^ d ln Slde hands of the modulated wave. It is the 
energy that carries intelligence and its relative magnitude is 
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proportional to m a 2 . The ratio of useful power contained in side 
bands to the total power contained in the modulated wave is 


E* mJ 


^ si do bands 2R‘ 2 


m, 

2 


P 


av 


E 2 


1-f 


m a - 


2 R\' ' 2 
Suppose modulation is 100% then m 

p 

1 side, bands 


1-f - 


m a 


2 


1 . For such a case, 


P 


av 


i+* 


b 


that is, omy one-third of the total power of modulated wave is 

contained in the two side bands. The rest two third power resides 

in carrier component which is of no use. If in the modulated wave 

carrier be suppressed then modulator would draw less power from 

supply source and the process of modulation will be quite econo- 
mical 


30 2. METHODS OF AMPLITUDE MODULATION : 

There are two main categories of amplitude modulation 
methods : 


(/) Linear Modulation : Relation between amplitude of modu- 
lating signal E tn and depth of modulation m a is linear. In this type 
of modulation, the linear portion of the tube characteristic is used. 

The piate current, for such a portion, is related to grid potential 
by a simple relation i p =ae g . 


(?) . Square Law Modulation : Relation between amplitude of 
modulating signal E m and depth of modulation m a is a square law. 
tor tn is type of modulation, curved portion of the tube character- 
istic is used and the plate current is related to grid potential by 
the relation ip^a^+a^. 


30 3. 


LINEAR MODULATION METHODS : 

The important linear modulation methods are : 

(/) linear series plate modulation (plate modulated class C 
amplifie r), 


(//) grid bias modulation, 

(///; suppressor grid modulation. 

We shall discuss all these methods with necessary details. 


30*3-1. Linear Series Plate Modulation : This method involves 
a modulated class C amplifier. Here a voltage corresponding to 
the signal is superimposed upon the d.c. plate supply voltage of an 
ordinary class C amplifier. In this way the total effective plate 
supply voltage of the amplifier is caused to vary inaccordance with 
the desired envelope of modulation. 

The basic circuit of a plate modulated class C amplifier is 
shown in fig 4 (a). 
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The carrier frequency voltage is introduced into the grid cir- 
cuit and the modulating voltage is connected in series with the 
direct plate supply voltage E bb . Thus the total plate supply voltage 
comprises the sum ot a direct and sinusoidal component The 
resulting waveform in the output is illustrated in fig. 4 (by 



L 




i O 


I 


bb V 

f 



cumn 


'O WODLUTm 

si 


e7r ' S SOURCE 


(' J ) Circuit of plate modulated class C amplifier. 



w v/ in me piate circuit cf modulated class C an 

Mathematical Analysis : 

het Ei b be the plate supply voltage. 

A be the plate tank circuit current, 
be tne instantaneous plate supply voltage, and 
he the amplitude of modulating signal. 

If IS assumed that aj e :> W m . We write for grid circuit potentials 

e o = Egc UOS io e l and s c =E g: cos c o c t + £ 
where E cc is grid bias voltage. 

given M b°v dUlatin8 VOlta f in thc modu]at cJ amplifier plate circuit is 

j (? in -‘Crrtm COS CU m t . ^ -y ^ 

given Ir bJ antane ° USpkUe SUpp!y Voltage in modulated amplifier is 

^bb Ebb ”f" Emm COS C Umt 

e~ ... 

-O) 




Ebb (l+m u cos where m a = -^ 

E ib 
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...(4) 
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Since r.ra.s. tank current I t and the d c. plate current h are 
related to the plate potentials by linear relation, we can express 
them by the following relations : 

E—Kte bb , 
h—Kbebb, 

Ibb E b Ebb, 

Combining eqs. (3) and (4), we get 

It<=K t Ebb (1 -f m a cos a) m t) 
and h=E b E b b ( 1 +m a cos a> m t) 

= I bb (l+/« a COSOJ m /). 

the instantaneous tank current is given by 

it = y/2I t sin w c t 

D = V2K t E bb (1-f-Wa cos o> m f) sin co B t. 

K. M.b. value of output potential across the tank circuit is 
given by E L =jXT t =XI t /_ 90°, 

where X is reactance of inductance or condenser in the tuned cir- 
cuit. 

Hence the instantaneous output voltage is given by 

ei=Xy/2.I t sin (a> e /+90) 

= V 2.XK t E bb (1 -fm a cos t o m t) cos w c t. ...(6) 
R.M.S. value of plate current at resonant frequency is given by 

- L =j *lL =j I E_ I ± / 90 ° 

E 0 3 R 0 J Q~Q ^ 9 ° ' 


...(5) 


*/. 


Therefore the instantaneous plate current is given by 

i v -\'2I v sin c o c t 

= y/2.~ sin (W-f90) 

V2 


—.K t E bb (I -1 -m a cos u) n t ) cos o) c t 




Average power supplied by the d.c. plate power source is 
given by 


m 


bt> 


T. 


E bb h dt t 


where T„, is the periodic time of the modulating cycle 

T 

m E bb .Ibb (l+m a cos co m t).dt 


Or 


P 


bb 




K h E, 2 


^bb ^bb f^bE'bb" • 

Average power supplied by the modulating source is 

1 ^ 


...( 8 ) 


m 


m 




♦At resonant frequency, /? 0 = 


Therefore 

Bo 


w.,L 

UCR 


OJg CR 


RC 

l 

~Q- 
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l f T 


T 


« JO 


m E mm cos io m t.l b b (1 +m a cos U) m t) dt 


V r >rla — r r m ° 

2 — E'bb'lbb 

Then total average input will be 
Pi~Pbb-\- P m 


Pbb 


m, 


2 


..(9) 


Pbb + Pbb 


m 


Pbb ( 1 “f~ 


m. 


The a.c. output power across the tank circuit is given by 


...(10) 


1 f T m 


T, 


e L -i p di 


1 f T 



m R 0 ip 2 dt 


m Jo Tm 

1 [T m - K t E bo \} , , , 

T\n)o ^°" \ cos tu "»0* cos u c t.dt 

K t E bb VR 0 (T m 

n — jr- I ( I +m a 2 cos 2 u) m i 

\£ / 1 m J o 

+ 2m a cos w m f) (i +cos 2a > c t) dt. 

Since a > c > w m , therefore average vak-e of cos 2a > e t and 
2 m a c os a> m t will be zero. 


So 


p _r 0 k, 2 , 

r °~ Qi~ tbb 


1 + 


m a 

2 


RnK t 2 


Q 2 K~ Pbb - ( 1+ 2 ) 

2 


v Rb b ^ 


1 + 


m a 


where 7, is defined below. The unmodulated carrier power is 
obtained by putting /n a ==0 so that P 0 ==r, P bb . 

To 


Plate circuit efficiency t,= ~ 

Pi 


R 


Rbh + Pm 

^L 2 _L p ( 14-" 7 ° 2 
Q 2 K b bb \ + 


bb 


1 + 


m 


...(H) 


RoKt 


Plate dissipation P 


-Q 2 K b 

Pi-P 0 = P i (1-7,) 

(Pbb + Pm) (1-1?) 


...( 12 ) 


Rbb [ 1 + 


m a 


(1— )• 


...(13) 


Equation (13) gives the plate dissipation of modulated amnli- 
her tube. With 100% modulation plate dissipation will increase by 
a tactor 3/2 from its unmodulated value (m a = 0). Therefore while 
resigning plate modulated class C amplifier, only 2/3 of the rated 
plate dissipation is taken under no modulation condition. 
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Plate dissipation of modulating amplifier tuhe P />„ i 
be related to P m If v nioi “^PJ^er tune P vm , can also 

■ins amplifier, .hen d.o" power input .om U oduh®Sg”ampfifi“ d “' a ' 


P 


m 


Vm 


so that plate dissipation of modulating amplifier will be 

i*m=d.c. power input — a.c. power output 


P JL 

Vm 


-p, 


m 


p 


m 


1 

Vm 


l 


Advantages : 


(/) 
(//) 
(Hi) 


“ Pii (-/)[- — i). 

V 2 / \r) m ) ...(14) 

Distortion in modulated wave is small. 
Plate circuit efficiency is high. 
Adjustments are easy. 

modulatii^ ain dra 'Y back l bis method is that a large amount of 
moauiating power is required. 

p/fivi y * el. In a plate modulated class C amplifier the plate 

issipaiwn of r f. amplifier tube with modulation is 500 watts. If 

late pUfier e ffi cienc y ^ 60% and modulation index is 50%, calcu- 

(a) d.c. power supplied by the supply source, 

(b) power modulated by the modulation amplifier, 

(c) modulated carrier power output. 

(a) From eq. (13), d.c. power supplied by the supply source, 
Pbb, can be calculated on putting 

ip =500 watts. 
w a =0 - 5. 

Therefore V=06. 



500=/*^, (1 -f- 


^r) ( 1-0 6 ), 


Pbb 


Pbb (M25) (0 4) 
500 


0-45 


Hll‘11 watts. 


(&) Power supplied by the modulating amplifier 


P»=P 


bb 


ma 
2 


min x 


0-25 


2 


Modulation 


1395 


= 111111 x 0125 

= 138-89 watts. 

(c) Modulated carrier power output 


=0 6x 1111*11 x 1*125 
=749*99 watts. 

. E . xamp, ^5; The P ,a ! e dissipation of a plate modulated class C 
amplifier is 500 watts with modulation index 0 6. The efficiency of 

fier) a [s P 25% r Find^ ^ the ,r,odula,or valve ( modulating ampli- 

(a) carrier power and valve dissipation at 100 / modulation. 

(b) the modulating signal power output, plate dissipation and 

the rating of modulator valve to give 100% modulation. 

(c) the overall efficiency at 60% modulation. 

It is given that P p =500W, 

m a —0'6, 

v =50%=2-5, 

Vm=25%=0-25. 

(a) We are to find P bb and P e , we know that 


Pbb 


V 


( ,+ 


m 


a 


2 


500 


0-i») 

-847-4 W. 


~ri5x05 

output arr ' er P ° Wer ° UtpUt Can be ob£ained from modulated power 


Pi, — 7 ] Pbb (1 + 


m Q 


0 I - (A- \ * 2 

by putting m a = 0, so that 

P o — P Pbb 

= 0-5x847-4 
= 423’7 watts. 

Valve dissipation at 100% modulation 


d'v — Pbb ( 1 + 


m a 

2 



v) 


= 847-4x1x0-5 = 635-65 watts. 

(b) From equation (14), plate dissipation of modulator valvp 
Pcm, ( i.e . of modulating amplifier) is given by alve ’ 


pm 


Pbb 


( t ') (± 


1 



For 100% modulation m a ~ 1, given that T? m =0 25. 
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/ , JW i=423-7 (|j 


0-2 
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1 =423-7x*x3 


, =635’ 55 watts, 

nn min!? put modulating signal power is zero (i.e. under 

as nT^ ° n) f then to it- d ' c ' lnput power t0 modulator appears 
tion and^ermeH ° n ' ThlS 18 J he maximum value of P^te dissipa- 

modulator v“ ve ° f modula,or «"«• Thus rating of 


(Pi) 


m 


pov,er input to modulator valve (modulating ampli- 
fier valve) 


P 


P bb • 


m 


rna 
2 


Vm rj m 

847-4 xi 
~~ 0-25 

= 1694-8 watts. 

(c) Over all efficiency 

Total modulated power o utput, P 0 

d.c power input to the modulated amplifier 
(Pbb) and modulating amplifier ( p { ) m , 

We know that 


XlOO 


Pq — Tj P bb ( 


>+¥) 


=0-5x847-4x(l+^V 

at 60% modulation. 

P 0 = 499-96 watts. 

Total input power to both the amplifiers will remain same 
irrespective of modulation index therefore 

total input power^P^+fP,^ 

= 847-4+ 1694-8 
= 2542-2 watts. 


Therefore over all efficiency 

499-96 
— 2542-2 

19-6%. 


XlOO 


30 3-2. GRID BIAS MODULATION : 

In grid bias modulation, modulating voltage corresponding to 
he signal that is to be modulated on the radio frequency wave, is 
superimposed on a fixed bias in grid circuit of a class C amplifier. 

The basic circuit of grid bias modulated class C amplifier is 
shown in figure 5. 
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Fig. 5. Basic circuit of grid modulated class Camplifjer. 

The modulating voltage c m will cause small periodic variation 
in the steady grid bias E cc . The steady grid bias E cc and the modu- 
lating vo I age e m , then constitute the variable grid bias e co . 


The plot of r.m.s tank 
current I t against the grid 
bias e c is a straight line. 
Then on including the modu- 
lating voltage e m in series 
with fixed bias E co similar 
variations of tank current I t 
will take place. The ampli- 
tude of instantaneous tank 
current, l t then varies at 
modulation frequency. 

Thus it is apparent that 
by properly choosing the 
bias and superimposing upon 
it a modulating voltage, it 
is possible to obtain a com- 
pletely modulated wave. 



Fig. 6. Variation of tank current in 

grid bias modulation. 


Mathematical Analysis : Similar to plate modulation analysis, 
we can also proceed here to calculate d.c. input power, a.c. output 
power, plate dissipation, etc. 

Let the carrier voltage be represented by 

^O^Egrn sin a ) c ty ,..(1) 

and the modulating voltage 

t?m— Emm COS UJ m f. ...(2) 

Thus the total varying grid bias voltage is given by 

^cc = ^m'f Ecc 

= E CC + Ef%fi\ cos cv m t* 


••*( 3 ) 
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The total grid to cathode voltage can now ae represented as 

e c = e b +e ee 

if t =e<lc Sin 008 W mt+E ce . (A\ 

If I t represents the r m s valup 

modulation characteristic, we can write f Current for ,inca r 

, „ . It=K *^ e c»—E eQ ) y 

where £ c „ is the grid to cathode voltage for zero tank current. 

can be written as * whlch vanes at frequency w 0 

it=^\/2I t sin w e t 
= ^2K t (e C0 ~E C0 ) sin c o e t 
= \!lK t [£ mm cos oj m / +E„—E n ] sin oi,r 

E,J , + Em. cos j s . 


V2 K t (E t 


..( 6 ) 


sin w e t 


...(7) 


...( 8 ) 


_ /O r n . - ^ ee ^00 

[l+w a cos w m t] Sin (O 0 t, 

where m a is the modulation index and is given by 

F J 

m — £ ' mm 

“ e„-e„- 

the steady confp^enf^d Zk'r‘1 ° f tb ?° 

cTr“ 7al ,h ,he “ <5 te v^b b fe n |ri C d°S" , < ;.„t 

/6=At ) (e cc — E co ). 


The steady value of d.c. plate current is then given by 

J i>b=Kb (E co -E eo ). 

In the equation (9) putting the value of e CCt 

Ib=K b (E ec +E mm cos io m t—E (0 ) 

Emm COS (i» m 


..•19) 


...(10) 


K b (E t 


E'o) | 


1 + 



(1 +m a cos w„f). eC 00 (n) 

Tank circuit voltage, being the a.c. output voltage, is gten by 

fte h 5 e e„ X cy r w„ reS ' D,S ‘ he CapaCi ‘ ive ° r taduc «ve reactance a, resonant 
Putting value of/, in equation (12), we get 

Thllc 0 jXKt ( Ece ~ E co) [l+m a COS OJ m tl. 

is he corres P°ndmg instantaneous value of output voltage 

e °~ V / ^ t }f CO ~ Eco) [l+m <' Cos ”mt] sin (co e t+90°) 

= V K t (E ce — E co ) [l +Wa Cos Wm ,j cqs Wef 


...( 13 ) 
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D.C. Input Power : If T m is the periodic time of modulating 
voltage, the average power input by the d.c. plate source is given 
by 




Ebb E dt. 


7 

m EbbEb (1 + /w fl cos <o m t) dt . 

0 


Eh Ei • ...(14) 

Thus d,c. input pouer from plate supply source remains cons- 
tant for all values of modulation index 
A. C. Output Power : 


7, 


o 


= j Em 

'Em J o 


e n i 


o l P 


dt 


1 


Jm 
0 


e o j 

e 0 . - dt, 


• V — J — 

where P c is the impedance of tank circuit at resonance at the funda- 
mental frequency and i p is the a.c. component of plate current at 
the fundamental frequency. Thus 


1 


T 


m 


Putting the value of e 0 , 

1 f 7V. I 


o P 0 


dt. 


m 


0 




. 2 X 2 K t 2 (E ec —E cu ) a (1-f m a cos tu m r ) 2 cos 2 co e t 


— 1 (Em XoKr „ „ . 2 - t 2 

T I y--\n 1 Ecc ^cc) (IT m a COS- 

1 m J 0 


+ 2w 0 cos cu m r) (1+cos 2cu 0 r), 


where 


X = L 

<2 ■ 


Since w c > a> m% the contribution of cos 2u) c t is zero. The 
average value of 2 m a cos cu,,j is zero. Hence 


p _ (£ £ \2 

r o — qz V'C’cc ^co> 


Plate Circuit Efficiency : 



...(15) 


Plate circuit efficiency is given by 





Po = 0! 

Pi 


(. Ecc-E ; 


CO 


)■( •+?) 


E^bKjf (E C c Eco) 


1W 




Thus it is quite obvious that the plate circuit efficiency increases 
with modulation index. For a constant value of modulation index, 
it would be maximum by making (E cc ~ E ca ) as large as possible. 
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Plate Dissipation : 

Plate dissipation is given by 


P D P hh P, 




W,- 4 )-y (Ecc- ^o 


E. 




Putting for E & from equation (16), we have 
Rf)Kt ~ (E K -E co f ( l+ m °^ RoK * 


>’ ( > )• 


...ri7) 


vQ 


2 


2 


H 


Q2 (Ecc JSco 


H 1 + m f\ 


The expression shows that plate dissipation decreases 
modulation index increases. 

For unmodulated efficiency we put m a ~ 0, so that 

lu nm0 4.- Q2 Ki>Ebi {Ett E eo ). 


...(18) 


...(19) 


Therefore, 


V — Viinmod 


•('+¥)• 


...( 20 ) 


Similarly, the modulated power is 


P 0 


Q 


and for unmodulated power we put /« o =0, so that 

PoW 


P 


unmod • 


Q 


(E oe ~E c 0 ). 


...( 21 ) 


Therefore, 


P 


e 


unmod 



m 


>+'f 





In view of equation (21), we can write equation (18) for plate 
dissipation. We find that 


p ^ unmod* ( | i m a 2 \ p / 

^ i+ t j. 

Obviously the P un mod . is carrier power and can be denoted by 
P e , so that 



In grid modulated class C amplifier plate dissipation is maxi- 
mum when m a =0, so that 


(P„) 


max 


Pc 


1 


1 



7 }unmod* 

This is also termed as the rating of the valve. 


( 24 ) 


1 
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Advantages : 

son b™ 8 thafonly 1 ™‘Lm^uTo^CM“? y taSS'fr™ % 

w »t.si -ss 

Disadvantages : 

hi) It has much lower plate circuit efficP-ncv a«ri ;♦ , 

throughout the modulation cvcle. At zero 2, r J ° Var!es 
circuit efficiency is about 34% (at the positiv oeaVof ind ^ x ’, pla ' e 
cycle) which is only about one-half of the plat*^ - Srcuit ,no # < J u : c Mon 

abot.1 % arnpliB "- A ‘ 1M% m “ dul -" i0 " *»« 

n-od^H P^e 

sensitive to plate supply voltage and load impedan c* “ L 

t v„ Al *° , duc to wide variations m grid voltage durin’a ODeratl - „ 

amplitude distortion. 11 ftas higher 

30-3-3. SUPPRESSOR GRID MODULATION : 

Amplitude modulation can be obtained hv nnni ,• 
suppressor gridthe modulating voltage superimposed ^upcm J° J f 
able negative bias in a pentode class C amplifier. ' T " 
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characteristic lies entirely in the region of negative suppressor grid 
voltage. The power required in modulation will be almost zero 
because the suppressor grid current is zero. 

The circuit of suppressor grid modulated class C amplifier is 
shown in fig. 7 (a). The resistance R s limits the screen losses by 
simultaneously lowering the screen voltage and screen current. The 
capacitor C s should be sufficiently large for bypassing carrier fre- 
quency. 

The relation in output voltage and suppressor grid voltage is 
depicted in the diagram 7 ( b ). 



Fig 7. (6) Relation between amplifier output and suppressor 

grid voltage. 

Advantages : 

(/) Low modulation power is required since the suppressor 

grid is always negative. 

(ii) Modulation is sufficiently linear over the effective range 
in use. 

(Hi) Neutralisation is not required. 

( i v) Adjustment of modulated amplifier is simple. 

:0 3-4. TRANSISTOR MODULATORS: 

Transistor RF power amplifiers can be employed for the PJ^P®?® 
of modulation in a way similar to vacuum tube circuits. Modula ing 
signal can be fed to any of the three elements viz. collector, bas^ 
and emitter. The corresponding- circuits are called collector mo u- 
lation, base modulation and emitter modulation circuits. 

Collector Modulation : Refer to fig. 8. Modulating signal has 
been applied to the collector, in series with d.c. collector supp ' y 
voltage. Transformer T, matches the output stage of modu ,. fi f 
amplifier with the collector load of class C, r.f. power am P ‘ 

Q. Capacitor, C, offers low reactance to radio frequencies 
high reactance to modulating signal frequencies. Thus it gro , 
the carrier and serves to keep r.f. out of modulating circuit 
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out of power supply. To obtain 100°/ modular;™ m 
value of modulating voltage. n.o^eq^afpowef'supT'ToN 
tage, V cc . Under these conditions, the r.f. output of the P modula- 


Corr/er 1 « 

w/w f 8 p § 

hf. powers' -Cl 

(c/ass c) L X-J 



'll 

11 


1 




^ig. Collector modulator 

log Sl Ti S e „ e l U e l h ‘ 0 v f r ° at ,he De 8ative peak of the module, - 

m = Vcc 

is reduced lo f™m7j durta^K of tht .T d “' a " d a "'P'^r 
modulated signal, the maximum value ofSodulatfng signal cweM 


m m 




mm mm 


Rl 


Thus modulator power output will be 

p Hnm mm VqcIc 

o 2 “ & — 

Tu. pp • |xthe power supplied by the power sudoIv 
The efTective load on the modulator is given by PP Y ’ 

y?, be dosori btd'f of ZYeaor % effi ™ 0dula,io ” 

Of vacuum tSbe'drclit. Lfc/tofig™' “xhe S‘d b | iaS - “ 0 . d “ ,a,ion 

collector modulation, 8 power requirement compared to 
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RFC 


MOG/u/af/hg 

sigva/ 

/v&uF 






Fig. 9. Base modulation circuit. 

Emitter modulation : Its characteristics lie in between base 
and collector modulation. Refer to fig. 10. The modulating signal 
is applied to the emitter circuit. Resistor R, in combination with 





Signa/ 


C' 

if- 




Fig. 10. Emitter modulator. 

C, develops the proper bias Transformer, T, provides better mat- 
ching of the impedance. C' serves to keep r.f. out of power 
supply. 

30 4. SQUARE LAW MODULATION : 

Important methods in square law modulation are : 

(0 grid modulation or Vander Bijl modulator or square law 
modulation, 

({() balanced modulator, 

(in) square law diode modulation. 

We shall discuss only two of these methods. 

30 4-1. GRID MODULATION : 

The circuit of Vander Bijl modulator is shown in fig. !!• 
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|I 



VOLZAG£ 


Fig. 11. Circuit of Vander BijI modulator. 

The .carrier and modulation frequency potentials are both 
applied in the grid circuit of a triode or tetrode etc. The modu- 
lated output is obtained from plate tank circuit which is tuned to 
the carrier frequency. 


Analysis : In fig 12, dynamic transfer characteristic of triode, 
used in the circuit, is shown alongwith the plate current wave- 
form. It is suppo sed that the transfer curve is parabolic over the 
range oi operation and therefore a.c. plate current i v may be 

e 'p^ es , in terms of- the a.c grid voltage e g by the first two terms 
ot laylor series expansion, i.e., 

'e ~ a i e g-\-a 2 e g 2 , ...( 1 ) 

w here a x and a 2 are constants. 

The excitation potential e t is of the form 


e g =e c + e m 

=E e cos oj c t+E m cos aj m t, ...(2) 

and thus from eqs. (1) and (2). expression for plate current becomes 

l P = a l [Em COS <o m t + E' COS OJ c t\+(]., [E m cos (V m ! + E e cos oi c f] 2 , 

h~ a i E m cos u> m t-\-a 1 E c cos u> c t-{-a 2 E m 2 cos 2 oi m f 

+ a -iE 0 2 cos 2 w c t+2a. 2 E c E m cos a> m t cos t u c t 
~ a ' E ° cos t» e t+a t E m E' cos (a>,+ w m )t+a 2 E c E m cos (w e -u> m )t 


~f“ ^1 Em COS COfnt ~ f- 


, a 2 E m 


COS 2u > m t 


“jES ujEl 

m 9 + 9 


cos 2u) c t. 


..-(3) 


onIvto S th?l ng 50 that the CifCuit ’ tuned to responds 

terms^f of frequency w e , ^cu 0 -f to m ) and (*,-«*). Rest 

the tun aH * • qua jT no * produce appreciable voltage across 

tuned circuit and thus the plate current is given by 

h~a 2 E c cos oj c t+a 2 E m E e cos (w c +w m ) / 

~T @2 E m E c cos (co c — (o m ) / 


a,E e ( l+^- CO s 
\ 




COS Ci) 0 t 
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—a x E 0 ( \+m a cos a> m t) cos u) c t, 
where modulation index m 0 =— 

Therefore form of modulated output is 



Fig. 12. Waveshapes of plate current and total grid signal. 

Advantages : 

(a) In this method grid current is very small due to which 
little power is required from the source of carrier voltage and 
modulation voltage. 

(b) Distortion in the output is not too large. 

Disadvantages : 

{a) The plate circuit efficiency is low. 

(b) In order to suppress the amplitudes of undesired side 
frequencies, the modulation index should be low : therefore the 
method is suitable for small percentage modulation. 

30 4-2. BALANCED MODULATOR : 

This consists of a circuit similar to push pull amplifier 

arrangement. 

In this method we shall discuss the carrier suppression by 
means of balanced modulator and the single side band generation 
by a set of balanced modulators. 

(A) Modulator for Carrier Suppression • The circuit for the 
carrier suppression is shown in fig. 13. 

It is assumed that (/) the tubes T x and T 2 have identical 
characteristics, (//') the circuit is symmetrical with respect to the 
centre tap of the transformer windings. 
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the slme nh a « W is applied to the grids of the two tubes in 
opposUe ohie In f ? . mod k u,atin 8 signal is applied in the 

combi - d * 



1 


Cirfe&r 



SUPP/teSS£fJ 

OVT&/T 


Fig. 13. Balanced modulator circuit for carrier suppression. 

amnlTfW ^ aS *? so adjusted that the tubes operate as class A 
dynamic rht oper ? tl . on takes P lace over curved portion of the 

pone^t of ^hi C ^ enStlC t S °' tH f tW ? identical tubes - The a.c. com- 

f plate current can, therefore, be represented as 

.wo tute, whftlti' 8 " 31 isapplied in ° PP0Si,C P hasetothe 

e 01 — Em COS (O m t-\-E 0 COS OJ 0 { 

E m cos oj m t -|- E q cos co c t 
So that for tube r„ 

ipi-ax (E m cos cu m t+E c cos cu 0 t) 

J r a 2 (Em cos w m t-\-E c cos w c t) 2 -\- . .. 
:==a i Em cos o> m t-\-a l E c cos oj c t+a 2 E m 2 cos 2 a> m t 

, + 2a 2 E m E 0 cos oj m t cos oj 0 t a 2 E o 2, cos 2 a ) m t 

and for tube T 2 , 

ip 2 =a 1 ( — E m cos oj m t+E 0 cos cj 0 t) 

+a 2 (—E m cos oj m t+E e cos co c t) 2 +... 

== ~a l E m cos oW+tfj ZT C cos a>*f+tf>.E m a cos 2 w m t 
2a 2 E m E 0 cos w m t cos cu e t-\-a z E c 2 cos 2 co 0 t. 

ta D CUrrent L s flow in opposite directions from the centre 

Dronnrt^ 6 P. nmar y> the output voltage across the secondary will be 
proportional to the difference of i Bl and i P2 Therefore 

e o=K ( i P1 —i Pi ) 

—2K fax E m cos aj m t+ 2a 2 E m E c cos cj m t cos a > c t) 

= 2 K [ax E m cos (o m t+a t E m E e {cos (a>*-f aj m ) t 

T" cos (w c - Wm )t}] 
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As the load is tuned to carrier frequency oj c and io e is much 
greater than w m , the first term in the above expression will not 
develop any significant output voltage. Therefore output voltage 


t?o — 2K a 2 E m E c [cos (w c -f w m ) t-)-cos (oj c — co m ) t] 
which consists of two side bands only. 

Thus it is clear from above analysis that the carrier will be 
cancelled while the side bands appear in the output. This suppres- 
sion of carrier results in the economy of power. 

Waveform when carrier has been suppressed is shown in 
fig. 14. 



A modulated wave wrrtt 

' CAEE/ER St/AG&SS£0 

fA) 

Fig. 14. Modulated wave representation. 

Transistor Balanced Modulator : 

Refer to fig. 15. Here the voltages have been denoted by v 
and V, instead of letters e and E. 



Fig 15. Transistor balanced modulator. 
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In this circuit, 

V6l = t»ml-f Vo 

— Em COS W m t-{-E c COS 10 0 t 

^62 = "h 

— —v ml +V c — — E m cos io m t+E 0 cos a ) e t 
Then / fl =o, v bl +a 2 v b \ 


ic2=a l v bi +a 2 v? 2 


or ic 1 =a 1 (E m cos <o m t+E c cos u> 0 t)+a 2 (E m cos ca m ? 

+ E„ cos wcO* 

ic2~ a i { — Em COS w„/+£, cos uj e r)+a 2 (— E m cos io m t 

+ E„ cos co c t) 2 


so that output voltage is 

v o~E (ici-ici) 

=K [2a t E m cos cj m t+4a 2 E m E 0 cos a > m t cos io„t j 


The output circuit is tuned to carrier frequency. It will eli- 
minate, o> m , so that 


v 0 = K.4a 2 E m E c cos a> m cos 10 c t 
= 2K a 2 E c E m [cos (w e + o> m ) t+COS (w e — at m ) /] 


output circuit will accept the side band frequencies (w c —co m ) and 

(a> c + a» m ) . 

Some features of this method are : 

(/) efficiency is large because 2/3 power is saved due to sup- 
pression of carrier, 

(ii) it affords a means of secrecy system, and 

(Hi) one side band can also be eliminated. 

(B) SINGLE SIDE BAND GENERATION : An amplitude modulated 
wave consists of carrier and two side bands. The amplitude, frequ- 
ency and phase of the carrier component remain unaffected by the 
presence or absence of modulation or, in other words, the carrier 
has none of the intelligence to be transmitted. Therefore as discus- 
sed in (a) there is no need to transmit this component and is sup- 
pressed for the economy of power. 


In the remaining two side bands, each contains all of the in- 
formation present in the modulated wave. Therefore, it is possible 
to convey all the information represented by a modulating signal 
by transmitting only a single side band while suppressing both the 
carrier and the other side band The frequency band required by 
such single side band system is half of that occupied by modulated 
wave having two side bands and the carrier. Two thirds of power 
is saved in single side band system only due to the suppression of 
carrier. 
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Phase Cancellation Method : 


, . met 5 0 ? of obtaining a single side band consists of two 

modl J lators - The radio frequency input of the two 
balanced modulators differs in phase by 90°. The modulating in- 
puts are identical except that the corresponding frequency com- 
ponents applied to the two modulators also differ by 90° in 
phase. The procedure is explained in the block diagram (fig. 16). 


r 7 BALANCED 

AIOOULATQN 



COMMON 


TANK 
C/NC(// 



S/M&LES/OE 

Band output 


Fig. 16. Block diagram of side band system. 

It is clear form the following analysis that the output of the 
system will have only one side band. 

For the first balanced modulator, the equation of wave with 
carrier removed can be written as 


e i —m a E 9 sin a> m t sin a > e t. 


-(I) 


Since for second balanced modulator, the modulating frequency 

Wm an .d carrier frequency co e are shifted 90° in phase, therefore 
equation of wave will be 

t 2 =m a E e sin (m m +90°)r.sin (aj t +90 °)t 
— m a E c cos w m t cos o) e t. ...(2) 

Since e l and e t are combined in the common tank circuit, the 
resultant output will be given by 

£’o=e 1 +e a =/n a £' f sin w m t sin u) e t+m a E e cos u> m t cos w e t 

^[cos (w e —w m ) t— COS a> m ) rl 


2 


+ 


m 0 E c 

2 


[cos (w e — a) m ) /+ COS (o)„+ 0>m) t ] 


—m a E, cos (tu e — o> m ) /, 
which respresents the lower side band. 


-( 3 ) 


it 
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Tne schematic circuit diagram can be drawn for single side 
system as shown in fig. 17. 



Fig. 17. Single sideband system circuit. 

The radio frequency voltages are applied to the control grids. 
The magnitudes of r.f. voltage are kept same by obtaining them 
from a pair of critically coupled resonant circuits tuned to the 
same frequency. The modulating voltages are applied to the screen 
grids having equal magnitude but 90° phase difference. 

Advantages of single Side Band (SSB) Transmission : 

O') Bandwidth in SSB transmission is half than in double 
side band system e.g. bandwidth occupied by one radio telephone 
channel is reduced to half i.e. only 3 kc/s instead of 6 kc/s. Thus 
twice the number of channels can be accommodated in a given 
frequency spectrum through the use of SSB system. In other- 
words, double the number of stations can be accommodated on the 
same band. 

O'O In SSB system, no carrier is transmitted and therefore 
possibility of interference with other channels is avoided. 

(///) Since for demodulation of SSB singal, carrier of same 
frequency, phase and of requisite strength is to be inserted at the 
receiver, one can not get output audio signal without the knowledge 
of the carrier. Since the carrier is not transmitted in SSB system, 
some secrecy is automatically achieved in such a transmission. 

0'v) The improvement in signal to noise ratio is from 10 to 
12 db at the receiver output over that in double sideband system. 

(v) SSB system eliminates the possibility of distortion due 
to selective fading. Fading occurs due to multipath propagation 
of electromagnetic waves. Thus radio waves at the same frequency 

may travel by two paths which may be of different lengths so that 
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signals received by these paths may be of unequal strengths and 

t - mg H 1 K fa H lng wu In selective fadin g- fading is selective 
k th !i rece ‘ ved band - Whe ^ transmitted signals consists of two 
sidebands and carrier (double sideband system) the following three 

JoEnuf i C ? CtIV - C fad u nS °^ rs - Inone type one sideband fades 
completely leaving other sideband and carrier unaffected, in other 

type of fading carrier alone fades out, and in third type of fading 

the amplitude and phase of one sideband component varies with 

respect to the other sideband and carrier. This latter type of fad- 

,n f ,^ 1V j S . nse to severe distortion. In SSB system since oniy one 
sideband is present, possibility of such type of fading is eliminated. 

• *• SSB system provides an improvement in signal to noise 
a io o atleast 9 dbs. Thus in order to get the same signal to 
oise ra io at the receiver output, the transmitter average power 
output may be reduced by 9 dbs. i.e. to about one eighth as com- 
pared with DBB transmitter. Therefore SSB transmitter will 
require less number of output amplifying power stages ; conse- 
quently weight, volume and operating cost is reduced. 

Disadvantages of SSB Transmission : 


The major disadvantages of SSB system is that the transmitter 
and receiver become more complex and performance required is of 
high standard as briefed below : 

For demodulation of SSB signal, carrier is inserted at the 
receiver. The frequency of this reinserted carrier must be within 
15 c/s of the suppressed carrier frequency in case of speech and 
4c/s in case of music. Such a requirement complicates the demo- 
dulating process ; because to meet it, this is necessary to transmit a 
pilot signal or the carrier voltage itself at a very low level for 
synchronising the receiver oscillator frequency. I his signal has to 
be filtered at the receiver with the use of highly selective filters, 
amplified and then either reinserted to provide the carrier or is 
used to control the carrier frequency produced by the local oscilla- 
tor. Design of these highly selective filters is thus involved in 
SSB receiver. This complexity contributes to an addition in cost. 

Applications of SSB System : 

Because of complexity and cost of SSB receiver, this system is 

not used for commercial broadcasting. It finds use in other fields 
such as 

(i) Police wireless communication. 

00 SSB telegraph system. 

(Hi) Point to point radio telephone communication. 

(z'v) In V.H.F. and U.H.F. communications. 


30 5. FREQUENCY MODULATION : 

As described earlier frequency modulation is produced when 
the instantaneous frequency of carrier is varied inaccordance with 
the modulating signal, while the amplitude of the carrier remains 

constant. 
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Characteristics of F.M. Wave : 1 he amount of deviation in 
frequency is proportional lo the amplitude of the signal while the 
rate is determined by the frequency of modulation source. For 
example, suppose ICO me. carrier is bong modulated by a sinu- 
soidal signal and for given modulaticn system there is 2 kc ire 
quency shift per volt of signal magnitude. Then, it the modulating 
signal has an amplitude of 20 volt and frequency of 2 kc the 
instantaneous frequency of modulated wave will vary between 
99 96 me., and 100 04 me, at a rate of 2000 times per second. 

• ■ ■ ' , form of a frequency modulated 

v^avc when a sinusoidal modulating voltage is employed. 



r/Af£ 


<//i 'AfO0OZ./ir£0 OMWE& 



*'tOO£ 4 77/VG S/Q//AC 
I 



Fig, 18 (a). A frequency modulated wave 

Wri tten a ' ysiS ° f F-M. Wave : The modulating ’ signal can be 

Wh re F ,. e„—E„ cos a > m t, ...(1) 

signal voltage amp,Itude of s ' enal (peak ) and is frequency of 

The general expression for an unmodulated carrier is given by 

e c =E c sin {u, 0 t + d), . o) 

( U ’* t+e ) == t (0 is the {ota l instantaneous ‘phase’ of 
n ’ e e = E c sin ^ (t). 

The instantaneous angular frequenev cu t = ^2 

dt 


o 


dt 


(o» c / T 6)=OJ c . 


1414 


Hand Book of Electronics 


By definition, the instantaneous angular frequency of frequency 
modulated wave can be written as 

a)i=a) e + K/E m cos a) m t, ...(4) 

where proportionality factor Kf determines the maximum variation 
m frequency for a given signal strength E m . 

U {t) 


o)i 


dt 


So 


m 



o)t dt 


i 


(ojf + K/E m cos a> m t) dt 


E, 


— sin w m r-f K 

£0«t 


The initial phased is neglected as it plays no part in 
lation process. 


...(5) 

lodu- 


Thus f.m. wave can be written as 


Eq sin 


E m • 

— sin u> m t 


...( 6 ) 


The instantaneous frequency of f.m. wave is 


/= ^ =f 0 + Kf ~ cos co m r. 


Therefore /, 




■f<+K, f?. 


and 


fmln • — fo — Kf 


E. 


m 


2tc' 


• 4 


Frequency deviation Af—f 

KfE m 

~ 2n ‘ 


ma«* 


ft — f ! — fit. in 


..(7) 


The instantaneous frequency can then be expressed as 

f=fc + Af cos w m t. 

The modulation index=m,=S«55M^?!!5S— 

’ modulating frequency 

_Af _KfEm 

fm ~ 


...(7 a) 


...( 8 ) 


...(9) 


And therefore the expression for f.m. wave becomes 

e—E 0 sin ( u) e t+mf sin 

In f.m. broadcasting system, d/has a maximum permissible 
value of 75 kc/s and f m may vary from about 33 c/s to 15 kc/s. 
Consequently, mt can have values both greater than unity or less 
than unity whereas in amplitude modulation m„ should not exceed 
unity for distortionless transmission. Variation in transmitted fre- 
quency is shown in fig. 18 (h). 
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Fig. 18 (b). Variation of the transmitted frequency for an F. M. wave. 

Power Relation in F.M. Wave ; In amplitude modulated 
wave, intelligence is contained in side frequencies. The amplitude 
and power level of the side frequencies increase with percent 
modulation and consequently, an increase in modulation level also 
increases the power level of modulated wave. On the other hand 
m frequency modulated wave, as the amplitude is not afFected by 
modulation, the total power in the wave does not change, regard- 
less of the degree of modulation. It is also obvious from the 
operation of reactance, tube, where it has been shown that the 
effect of modulating signal is to cl ange the capacitance in oscilla- 
tor tank circuit so as to cause a shift Af in frequency of the oscilia- 

or, the modulating signal does not change the power output of 
the oscillator. 


Frequency Spectrum of F.M. Wave : The expression of f m 
wave can he written as 

e=E 0 [sin aj c r.cos (nt/ sin w m /)+cos tu c r sin (w/sin <a m t)]. ...(10) 

Evaluating above expression with the help of Bessel’s ex 
pression, p ex * 

e=E c sin < Uc t [J b {m,) + 2 J t ( m, ) cos 2tu m r + 2/ 4 (m,) cos 4 a, m t+...] 

-\-E c cos a > e t [2J 1 (m/) sin (v„t-\-2J t (rtif) sin 
~d 0 ( m f) E c sin a, c r 

-f/i ( nif ) E c [sin (oj 0 - f-a> m ) / — sin (co c — cu m ) l ] 

+ ( m f ) E c [sin (a> 0 +2a > m ) /-sin (w c — 2oj m ) t ] 

+ (nif) E 0 [sin (a> c + 3a> m ) / — sin (a> 0 — 3a> m ) t]. ...(II) 

It is clear from above expression (II) that the spectrum of 
J-m. wave consists of carrier and an infinite number of side bands 
the side frequency components extend above and below the carrier 
by an amount a> m , 2u> m , 3 u> m etc. The side frequency pair differing 
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from carrier frequency by is known as the first order side fre- 
quencies and that differing by 2o> m as second order side frequencies 

V It • 

The amplitudes of the different frequency components of i m 

wave determined by the values of various order Bessel functions 

depend upon the value of m t . A graph of several of these functions 
is drawn in fig. J9. 

It is to be noted from the graph that J 0 (m f ) at m f = 2*4 has 

a root. This means that carrier will vanish when frequency devia- 

lion Af==2 4. Bessel functions of the first kind for mt values up f o 
5 are given in the table. 

TABLE : Bessel Functions of First kind : 


x 


n or ordei 1 


000 


0-5 

0-94 

0-24 

0-03 


.1 . 


j 

1— 

\ 

VO 

0-77 

0-44 

O' 11 

0-00 



- ! 


1-5 

o-si j 

0-56 

0-23 

0-06 

0-01 




2-0 

0-Z2 

0-58 

0-35 

0-73 

0-03 




2-5 

- 0-05 

0'50 

\?'45 

o-zz 

0-07 

O'OZ 



3 

i 

0-34 

0-49 

O-si 

J 

0-73 

0-04- 

0-07 


4 

-0-40 

-0-07 

0-36 

0-43 

0-28 

0-73 

0-05 

0-02 

5 

-0-18 

-033 

— — ■ ■■ ■ 

0-05 

0-36 

0-39 

C-ZG 

0-73 

0-00 0-02 



Fig. 19. Variation of amplitude in f. m. wave with m/. 

Bandwidth of F. M. Waves : It is defined as the width of 
frequency spectrum that contains all components having an ampli- 
tude equal to or greater than one percent of the amplitude of un- 
modulated wave (carrier). Suppose a given wave has n significant 
side frequency pairs then bandwidth is equal to 
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*BW=2nf m . ...(12) 

The relation follows from the fact that each side frequency 
pair extends above and below the carrier by an equal amount and 
the spacing in the spectrum between components of successive 
order is equal to modulating frequency Further, from equation 
( 8 ), 

f 

J m — * 


Therefore, 

BW= 2n — 

m, 

BW n 

2Af ~mj' 



which predicts that ratio of bandwidth to the total frequency devia- 
tion depends upon the number of significant side-frequency pairs 
(n) obtained with a given modulation index (m/). For values m/> 10 

it is seen that the ratio tends to approach unity and the band- 
width is almost equal to or slightly larger than 2A f. For narrow 
band trequency modulation, modulation index is kept at a low 
value by employing small frequency deviations. Moreover, the 
number of significant side frequency pairs, n , increases as the 
modulation index, />//, of the wave is increased. Therefore, mt is 
kept low' for narrow band transmission. 

Suppose frequency of modulating signal f m is doubled, then, 
though Af will remain unafTec:ed, but mt will be halved (eq. 8). 

Reduction in the value of m f will, in its turn, reduce the value 
of /?, the number of significant side frequency pairs. If the reduc- 
tion in the value of n and mt is by like amounts, bandwidth will 
remain constant even after doubling the modulating frequency. 

Example 1. Find the bandwidth needed fora frequency modulated 

signal if the frequency deviation is 60 kc/s ard ihe modulatirg frequency is 
5 kc/s. 

Frequency deviation Af=6 0 kc/s. 

Modulating frequency fm — 5 kc's. 

Then modulation index will be 



*Foi nth side frequency pair, one component of the pair will have fre* 
quency (afc + flco m ) and another (aj e — ncj m ) so that total width on frequency 

spectrum for this pair will be =( w< + na» m )-(« e -«a> m )=:2nw ni . 
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From Bessel table corresponding to m n u , 
there are c; v #» • c 8 2, it can be found tbit 

form, = 12 is/,.). Thatis,.-^^ ,he /coefficient 


BW 


2nf m 

2x16x5 kc/s. 

1 60 kc/s. 


rn ^!l m ° d0,a,iD ‘ **—-**• m ,=2 htac 

deviation, J/ constant if frequent Jf'moduf' 1 ’"’™ 6 ' b “ W ‘”' 7 K “ pi "* 
■>» .he et, 0 „ modoiaUoo ”1 ? “' a "” e !i8 ” a ' “ d °" bhd ’ » b “ 


Given : 


Modulation index. 
Modulating frequency. 


2 


m r - 

P _ /m=5 ftc/y. 

is y . Thu f ,ab,C ’ the h,8heS ‘ /coefficient included for this value of 

required baidwidtV’wiH bT f ° Ur Significant side frequency pairs. Thus 


BW=2nf m 

=2x 4x5 kc/s „ 

=40 kc/s. 

If f m is doubled i. e. ?x5=l 0 k/c.. then as 

f*f 

m, 

for same Af the modulation index, W/ , shou | d be halved. 

30 6 * f m A wave ? TUBE METH0D FOR producing 

This method is quite simple and is being widely adontM these 
days. The method is to control the frequency of an oscillator by 
the modulating voltage with the aid of reactance tube * 

(A) Capacitive Reactance Tube : 

re 3 et^ e ,e kn ^ that the fre 9 l,enc y of tank circuit depends upon the 
reactance of the components, i.e., capacitor and inductor. So if we 

couple some other reactance which varies with modulating voltage 
TOUDled C reartan I ? 5Ult, H t, |, en the fi r quency generated will vary with 
wav P = w,H b?«h» frequency V ° l,age ' Tbe ° U ' PU ' 

ohasIvnl!, e t?Sl a |!? 1U \ e "„ merc| y a P'o.odc tube associated with a 

voltage is applied between plate and cathode the resulting a c 
p.ate current is in phase quadrature with this applied a c vohaae 
Consequently, if the plate current leads the appffia c ^ voltage by 
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£0° then the tube will offer a capacitive reactance between its 
plate cathode terminals, or if the plate current legs behind the a.c. 
voltage by 90° then the tube will offer an inductive reactance bet- 
ween its plate-cathode terminals X and Y. 

The basic circuit arrangement and a. c. equivalent circuit is 
shown in figs. 20 (a) and 20 ( b ). 



Fig. 20 (a). Basic circuit 

arrangement. 


( b ) a c. equivalent 
ciicuit. 


When R then the current I u flowing through R and C 

leads the applied voltage by 90°. The grid to cathode voltage 
( = fcR ) will also lead the applied a c. voltage by 90°. The 

plare current being in phase with E ok will also lead the applied 
a.c. voltage by 90°. Thus plate current is leading the plate voltage 
by 90° which happens in the case of a capaciti'e reactance or in 
otherwoids, tube offers a capacitive reactance between plate- 
cathode terminals X and Y. We shall now calculate the magnitude 
of this reactance. 


Let us denote the impedance by Z 0 which the tube offers to 
a.c. voltage E 0 applied between its plate and cathode. Grid current 
is assumed to be zero. Then I e , the current flowing through capa- 
citor C will be 



The grid to cathode voltage will be 



The a.c. plate current is given by 

I E 0 n RE 0 

* r v ~r v + r r R—jX e 
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the app!ied™tege Ur Th n e„ draWn by ‘ he reaC,a " ce tute <*■* front 


lo— 

E 0 


*Ea E 0 
R-jX+R-jXf 


...(I) 


Y, 


Therefore output terminal impedance is given by 

_ ^ {o 

Zq E 0 

1 Em R | 1 

~ r p ^R-jx+~j}Zjx c 

-1 , , 1 

r v R -j/a> C^(l/g m ) -j/g m a> CR' •••( 2 ) 

ssS “ s a ssa 


( 1 1 g m) ~j / g m ~CR^ ‘ 


...(3) 


Further if 


1 


to 


C* 


> I , that is 


1 


1 


ir™ ,hen ' ve can 


Y, 


gm loCR 


J 


or 


Z 


7 


J 


coCRg m ~ cuC CQ ’ 

which is purely reactive. Thus the tube offers an equivalent capa- 
cuance CRg m . The modulator circuit is shown in fig. 20 (c), 



V 


Fig. 20. (c) Reactance tube modulator. 

Between X-Y terminals an oscillator circuit is connected. Thus 
reactance tube shunts the tank circuit of r. f. oscillator. When a 
modulating voltage is applied to the control grid of the tube, this 
varies g m which in turn varies the equivalent capacitance C c q which 
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IS associated with C 0 and hence frequency of the oscillator is modu- 
Now we shall calculate the frequency of oscillations and the 

modulation index. The variation of transconductance of the tube 

fig h 21°^ r0 In d P0te " tial , is shown in 2 > («) and redrawn in 
control grid potential will be^ apP ,ed s i— eons 

e 'i=-£fc + em = £' tc + £' m cos io m r, ...(4) 

where e m is the modulating signal applied at the grid. The straight 
line equation for the fig. 21 (b) can be written as 8 

g m =sJope of control grid voltage -f intercept 

/ _ V 


( £*c 0 ) COS 


...( 5 ) 



f 


C> 

r 


& 


3fK4~5i ‘3-^ 



VOLTAGE 


VCL TAGS 


(a) 


(b) 


Fig. 21. Plot of gm as control grid voltage. 

will become" equivalcnt capaciiance of .he reactance 


tube circuit 


C e q — CRg 


m 


CRg 


mo 


l 


Ecc E t n cos o> m f 


E, 


E, 


CO o , 

tance o h fThe C ';rnk aPaCi,anCe ; S in parallel wi,h 
will be k circUlt ’ thc frequency of 


...( 6 ) 

the capaci- 
oscillation 


/= 


1 


2 7r V / {^ 0 (C 0 -\-C CQ ) 

} 


2tt [L 0 C 0 + L 0 CRg m0 {L—(E cc /E c0 )- (EJE e „) cos w m t}]^ 

oscillations'w^M^e'pifre^y of e carrier S watxlthaUs, ^ Prequenc y oP 

(— f 

T , f ° 2rc t L »C 0 -t L 0 CR gmo ( l — E c ^/E co jy72 

inerefore, we can write 
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f_ = 

A 

1 , CRgr^Em COS CO m t 

2£eo {Co~\~CRg mft (1 — Ecc/Ecq)} 

or /=/« (1— m f cos <o n t) 

where modulation index m/ is given by 


L tt CRg n0 E m cos oj m t 

Eco { EqCq -j- L^CRgjDQ (1 — Eee/Eco ) 


»/* 




The frequency variation effect of the reactance tube should be 
kept small in order to maintain the required proportionality bet 
ween instantaneous modulating voltage and the frequency deviation. 
Therefore, in frequencey modulated transmitters, submultiple of 
the assigned carrier frequency is first generated by crystal osci- 
llator and modulation is performed. After modulation, the wave 
is then passed through frequency multiplier circuits inorder to 
achieve the assigned carrier frequency of the station. 


(B) Inductive Reactance Tube : The basic circuit of inductive 
reactance tube is shown in fig. 22 (a) and equivalent circuit is 
shown in fig. 22 (b). 



Fig. 22. (a) Basic circuit of 
inductive reactance tube . 


Fig. 22. ( b ) a.c. equivalent 

circuit. 


In inductive reactance, R so that the current 4 that 

coC 

flows through R and C is in phase with the applied voltage. Since 

Et^—j^t ^ "will lag behind the current 4 and the applied a.c. 

voltage by 90°. The plate current 1 V being in phase with Eg* a * s0 
lags behind the applied voltage by 90° which happens in the case 
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&«7i\ h „ av iLl‘” 0 d r uotivereacta " ce - The reactance '“ b " h “ 

laocMube an s u Tr,^“; eCd !? CalC “ lalci ''' ° ffered by Ibis reac- 
circuit from* idea! P vnlta 0 ^ ' S CU r rent drawn b >' reaclance tube 

Z »- We find from the equivalent circuit that ° ’ y ’ 

E " E n (l +jwCR 0 ) 


I 


J? + 


y? 


Then 


1 -+ jwL'R e 


^p+y? (1+y‘ufC^, • 


Ept=I c . 


y? 


1 ~\~jojCR 

R„ 


Also 


x E n (1 -f- JUlCRg) 

1 +jajCR a V+-A (1 -\-jtuCR 0 ] 

, ^E 0 

*o+Ji(i+ju>c/< g y 


-f- /xE^A: 


V 


E 


o 


+ gm. 




Then 


V 


R-o R ( 1 T jwCHj) 


— + 

E n ( I -f -jcoCRg) 


It g + R ( \+jojCR 0 ) 


! Eq 

' ' t~ &m» 


RgEn 


A • ' ’ * k/ ^0 + -^ (1 J rjojCRn') 

Output admittance between ATis given by 


Y 


I 


0 


o 


1-f jojCR 


E 0 jR g + R ( j -f- jojCR g ) 


+j+ 


8m R 


1 


R | RoIjmC 


+ -+ v 

r„ 1 


r p R g + R (1 +ju)CR g ) 


1 


-^P + 7 


I 


+ 


y? + yo>Cy? 


8m SmRg 8m 


9 ' JojC 

The circuit may be chosen such that first two term c ; n ok 
equation are smaller compared to third one. Then ° Ve 

Y == 1 

° 1+J*- + J*>CR 

Sm SmRg 


Further impedance 


f i + 

' Sm SmRg 


%Rq } 
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can be made 
ju>CRIg m , that 


much smaller 
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compared to inductive reactance 


Y, 


1 


1 


where 


jtoCR/g m joiL 


eq 


L 


CR 


cq 


which was desired with 


Sm 


Sm — gmo ( 1 


E 


m 


cos co m r 


E cc _ 

E C q E c o , 

which we have shown in the case of capacitive reactance tube. 

The frequency of the inductive reactance tube modulated 
oscillator can be calculated by putting the value of in 


f- 


where 


2k 



L 


/ > 


1 


Thus 


L+J 

L' L„ L, 


{ t . +£)} 


2 n 



+ 


Sm 


CR 



+ 


Smo 


1 


E 


Em 


C0S 

tfjp.Ci EhoO 



‘ZntJ |C 0 [L 0 CR\ m-*cu — wi ■ w 

The carrier frequency, in the absence of modulating voltage 
(£»= 0) is 

_ Sm o / , E t a 

2n 


fc 


Then 



+ 


CR 


1 


E 


CO 





/ 

fc 




E 0 CR 


1 


E ee E, 


m 


COS COfti 


CO 


'C 0 


or 


■ 

L 


j_ Smo 

L 0 ‘CR 


1 



f 

J 


r 


i 


Smo c , l 1 /* 

£ Em COS CO m t 


L 


1 i_ SmQ i j 

L 0 CR 



_Eoa 
Eco 

Em COS CO m t 


J 


1/2 


1 


CRE C0 /L 0 gm 0 + (-Ceo Etc) 

E m cos W m t 


CRE, 


2 |^£L + (fto _£- M )J 


L^mO 
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or f—fc (1 + m f cos aj m t) 

where 


m, 


A 

«■ 


E n 


CKE co 


“1" (£co Ecc) 


The above expression is for frequency modulated by the 
signal. 

30 7. COMPARISON OF FREQUENCY AND AMPLITUDE 
MODULATION : 


Frequency modulation 


1. There is a substantial reduction 
in interference effects That is, 
noise can be easily minimised in 
f.m. systems. The presence of 
the noise at the receiver input in 
addition to the desired signal 
tends to alter the input voltage 
both in instantaneous amplitude 
and instantaneous phase. In 
frequency modulation system, 
amplitude variations can be eli- 
minated by slicing them with 
the help of limiier, so that 
always constant amplitude is 
applied to the discriminator. 

2. No restriction is placed on the 
modulation index. The instanta- 
neous frequency deviation is 
proportional to the instanta- 
neous magnitude of the modu- 
lating signal. 


Amplitude modulation 


In this type of modulation, altera- 
tion of the amplitude of the desired 
signal by the noise at the receiver 
input severely affects the response 
and amounts to marked distortion. 


In amplitude modulation, use of an 
excessively large modulating signal 
may result in distortion because of 
over modulation. Modulation index 
can have a maximum value unity 
for distortionless modulation. 


3. The average power in frequency 
modulated wave is the same as 
that contained in the unmodu- 
lated wave (carrier). 


The average power in modulated 
wave is greater than that contained 
in unmodulated wave (carrier). This 
added power is provided by the mo- 
dulating source. 


30 8. PHASE MODULATION : 


Definition. In the process of phase modulation the instanta- 
neous phase of the carrier is varied by an amount that is pro- 
portional to the instantaneous amplitude of the signal and at a rate 
that is proportional to modulating frequency. The amplitude of 
carrier remains unaltered. 

Analysis : The modulating signal has the form 

T , m =£fn sin ***(1) 

The instantaneous phase of the wave is given by the expression 

d=d 0 +K p E m sin a > m t, ...(2) 


* • • 
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where proportionality factor K p determines the 
in phase for a given signal strength. 
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laximum variation 


modulated 

...(3) 


wavers give fi n" by° n ^ instan,a “ e0 “ s for phase 

* e « +K v E„ sin o, m , 

writtS as ef ° re ‘ he expression for phase modulated wave can be 

e=E a sin (<o,t+K,E„ sin w m i), _ . 4 . 

e=E 0 sin (co c t-\-4<f> sin co m t) y 
M=K v E my 

m n 0dila C , a cd ed w a P ve S ?s d o eViSti0 n n ' f ' he '" s ' a "' a "oous phase of a phase 

a t ea ,he 

d<t>d 

dt ~dt (“d+Qo+dif, sin co m t) 


where 


to 


or 


where 


=<o c + A6 a> m cos eo m t 

f=fo +di> fm COS (O m t 
■fe+df COS (O m t, 

-At-fnu 


A f 


...(7) 

...( 8 ) 


Ohtio.Svlir^ Xim Tl reqUency Shift fora phase modulated wave. 

a chanee^n Af tixe rate °fj change ^ with time will produce 

Jf tKdi i consequently in the instantaneous frequency f 

like frennpnrv mo ^ 1 u ' at ^ wa : ve - This means phase modulation, 
From enuxtin H?^ u * atlon > ,s a ' so a frequency variation process. 
theTmnHofi i 8) ’ ' V if c r an also conclude that if we double either 

n h u fr . equ e nc y /m Of the signal, then maximum 
modulation 1 ^ w ! be ' doubled. This is in constrast to frequency 

modulation process in which 

A f=K t ~ (eq. 7 art. 30- 5) ...(9) 

frequency dePCndS ° nly ° D signal am Phtude and not on signal 
waveTs 6 shown above that the expression for phase i 


;odulated 


e ~E e sin (w c r-f-d<^ sin w m t ) 

=E e J 0 (3<p) sin w.t+EcJ, (jj) [sin (to c +co m ) t - sin («.-«*]/] 

+E c J 2 (J0) [sin (w e + 2to m ) t-sin (to,-2to m ) /]+••• 

determinl!i e f Partl * C l Ular Case J ^= 0 '5, the values of J„ (A<j>) can be 

determined from the curves of fig. 15. These are 
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j 0 (0-5)=0-938, 
j r (0-5)=0-242, 

j z (0’5)=0‘030 

and Jn (0 5)~0 for n > 2. 

The equation of the phase modulated wave then becomes 
e=0'938 E e sin w^+0‘242 E 0 [sin (w 0 -t-w m ) /-sin (w c -w m ) t] 

4-0-030 E c [sin (a> c +2 w m ) /—sin (u> c — 2w m ) t] 

^0 938 E c sin w c / + 0-242 E 0 [sin (w c +cu m ) / -sin (a ) c -co m ) /], 

where the second side band components which have amplitude o 
0 03 E c have been neglected. Approximation is more valid when 
A-f> < 0 5. Equation can be further put in the form 


e=0’93 8 E c 


d<f> . , t x A4> . , 

sin a> c t+ sin (o> 0 + o>^) /* — — sin (oj c 


2 ^ — \ — u i — #/i/- 2 

Tne corresponding equation for a m. wave is 




£ 


sin OJ c /+y COS (aj c -f /+ y COS (w,. 


Wm) t 


It is obvious, on comparing the two equations, that both are 
identical if A<f>=m a with only essentia! difference of the relative 
phase of the carrier and the sidebands. This difference can be 
eliminated if the sidebands of amplitude modulated wave are shif- 
ted in phase by 90° with respect to the carrier. 

Example. A 7-5 kc/s modulating signal has sufficient amplitude to 
cause a phase shift of 50°. Find the amount of indirect FM produced. 

Af=M.f n 

_ 5 1 ZL x7 - 5 

-150 X/:> 

= 6-55 kc/s. 


Comparison with frequency modulated wave : 

If we compare equation (9) art. 30'5, and equation (*>), then it 
becomes obvious that determines the characteristics of phase 
modulated wave in the same manner as the factor mr determines 
characteristics of frequency modulated wave. If be made 
numerically equal to the factor w/, then the two resulting waves, 
i.e.> one phase modulated wave due to phase modulation process 
and another frequency modulated wave due to frequency modula- 
tion process will be identical. 

Since M plays the role of m f in the case of phase modulated 
wave, the expression for bandwidth can be written as 

BW n__ 

2 Af-Af ...( 10 ) 

If the frequency of the signal f m is doubled, it wil 1 not affect 
J<£ (see eq. 6) and therefore, unlike to frequency modulation case, 
there will be no affect on n , the number of significant side frequency 
pairs. But the value of d/ is doubled so that 
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» w 


or 



componeSL doubled ThTs1si C ° Vered by m ° re wide, y spaced 

frequency^a^stated^bov^ca^ b 0faSbea ” d °^ fh,0n ^ th modulating 

55 ra ass 

cos w m r, then output will be ^ h mpUt t0 th,scircuit is 

I 

E m cos oj m t dt 
E m sin w m t 

“Hi • 

or 

soth.tr ’ RCw '* ’ 

inversely as ^^ifttav outp^u’^^-^ ^ output wave, | e 0 j, varies 
then frequency deviation J/wil no°t var^wbh / 0 th J mod ^ tor > 

is p °‘ tage ’ E - shollld b c replaced by £•„/*<%■ That 



so that 


J/= 


£ 


m 


v RCf 

A+f 


m 


m 


F — m * 

K^Tr-. Jm 


K v 


Em 
RCf r 
Em 
RC 


m 


...( 12 ) 


unaffected 016 C?o n seq ue n tfy ' °b a nc \ ’ vK &S we . n 35 wil] remain 

we can Sta “ tST in m ? dula '' d wave. In other words, 

modulating voltage to modulatrn- SS ln . which, prior to applying the 
by the process of the ph^ mod^Eon m ° dUlated WaVe iS produced 

30 "w * ULSE . MODULATION SYSTEMS : 

by sinusoidal sSaafe ^ ^ ?° duIation of carrier frequency 

nation signai irdone hv 8 S ar lnter , vaIs - The sampling * infor" 

basic characteristics such^H USC ° f ? ulse on var y*ng one of their 

a nst SUch as amplitude, width (duration), or 
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position inaccordance with this modulating signal (Fig. 23). These 
sampled pulses, bearing the characteristics of modulating signal, 
are then modulated upon the radio frequency carrier and thus 
short bursts of the modulated carrier are transmitted. We shall 
discuss pulse modulation methods in brief. 



30 9-1. 




Fig. 23. Various pulse modulation methods. 

PULSE AMPLITUDE MODULATION (PAM) : 

In this process, relative amplitudes of successive pulses servv 
as a measure of signal amplitudes at the corresponding sampling 
instants. Width and position of the pulse remain constant (fix)" 

Modulating signal is sampled at the basic rate, usually ~ where 

Jm is the maximum value of frequency present in the modulating 
signal. e 


As shown in figure 24 these amplitude modulated pulses 

modulate the radio frequency carrier. The amplitude modulated 

radio frequency output is then transmitted in the lorm of short 

hursts. The duration of each burst is equal to the duration of pulses 

in figure 24 (a). Instantaneous amplitude of each radio frequency 

burst is proportional to the audio frequency signal shown in 
ng. 24 (c). 

The main advantages of pulse amplitude modulation are : 
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iplitude 


(a) greater peak power, compared to previous ai 
modulation, is obtained, and 

(b) signal to noise ratio of the system is improved. 

30 9-2. PULSE DURATION OR WIDTH MODULATION 

(1 WM) : 

dan J withrti P ," lse iS va ™l (around fixed value) inaccor- 

remain fixed h ^ atlDg Slgnal whereas amplitude and position 



Pulses of constant amplitude 

and duration 


Radio frequency of constant 
amplitude and frequency 


Modulating signal 


Short bursts of modulated 

radio frequency carrier 

Duration of a burst is equal to 
the duration of pulses in (a) 


rig. ruise amplitude modulation. 

Circuit for the production of pulse width modulated wave i 
shown is ng 25. Trigger pulses are obtained from the pulst 

generator and applied to the input tube of the monostable multi 
vibrator. The modulating signal wave E m to be sampled is super 
imposed upon the bias voltage E x as shown in the figure 

In steady state V 2 conducts heavily so that its large plate 

current develops such a voltage across the cathode resistor /? 2 as 

to make both cathode sufficiently positive with respect to ground. 

e positive potential of cathode, so developed, causes the plate 
current of V 2 to be cutoff. 

♦v, A P° s ^!X e 8 om g pulse of large amplitude so as to make 

the grid of V x positive with respect to cathode is applied, V x con- 
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MODt/LA T//VG 
S/GVAjL 


Fig 25. PWM by cathode coupled one jhot multivibrator. 

ducts. Plate potential of K } then falls and this decrease in the 
plate potential is directly applied (as the charge on condenser C 2 
cannot change instantaneously) to the grid of V 2 making it nega- 
tive. This reduces the plate current of V 2 , making the cathodes 
less positive with respect to ground. Then V\ conducts more with 
the result that plate potintial of V x decreases further and grid of 
V 2 becomes more negative. Action continues and finally V 2 is cut- 
off while V 1 remain in conduction. Now capacitor C\ discharges 
through R 2 . When C x is discharged enough to bring the grid of V 2 
to a potential level where V 2 starts conducting, steady states are 
reverted i.e. V x is cutoff and V 2 continues to conduct. 

Obviously, more negative is the grid of V 2 , greater will be the 
time for which V } conducts or V ? will take irore time to start con- 
ducting. The duration — for which \\ corducts depends 
upon : 

(0 the time constant R 2 C U 

(ii) the grid bias voltage of V x . 

The grid bias of V l governs its plate current. The plate current 
in its turn, sets the cathode potential during this interval of conduc- 
tion (t 2 -t l ) and consequently determines the Je\ el to which the 
grid potential of V 2 should rise before V 2 can conduct, />., deter- 
mines the instant t 2 . Since instant t x is fixed, interval (t 2 - / t ) 
varies according to the grid bias voltage. Therefore in the circi it 
(fig. 25), we note that the modulating signal is superimposed upon 
grid bias and hence grid bias varies inaccordance with modulating 
signal which will inturn determine the interval (t 2 - r,) and hence 
the pulse width. Thus the output is pulse width modulated. 

Transistor Circuit: An emitter coupled multivibrator genera' 
ting pulse-width modulation is shown in fig. 26. It may be noted 
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that 

tor mu,tivibn ' 
pulsesfromthlf mVoMabkraultfv’ibTa to?' 5 ’ he dumion of “■«' 
vo.4"t wLcItt^paoiLr' C ST*?", d ‘l*”* « «“ 

voltage is varied £i S c *? r f , d an , d thercfore if 

pulses of varying width will be general al output®'’ r “ ,a “ 8 “ lar 


outoi/f 



Fixed 
output- 
ware 



tonaS/e 


s/gua/ fo scmp/ed 


I » 

tj if 

Q,oh Q,off 
I %off Q z ov 
w/dfo t=(t z -t,) 


Fig. 26 . Emitter coupled monostable multivibrator 

Operation : 

O Ob? r Wh2 P tr-° f raul,iv ‘ brat °r stable state is with Q x OFF and 
tudei is tnnlirrl t ? U ‘ 86 ^ P ositive going pi use of large ampli- 

coll cctor current, voltage at A falls. Since any charge 
at A icH nS 6 ti Cl ca " n ® t cb 3nge instantaneously, the falling voltage 
cmfent oV f O y nfi? he ^° the baSe of &• ThS reduces the plafe 

negative. Action continues so that Q 2 is finally cutoff while Q . 
remam in conduction. This is called regenerative action. 

through R 2 Thp rn t ap r Ci [° r Cl begins to charge towards + V ee 

to a Zl «n It / Thus when voltage across C, builds up 

ting and <9 is cutoffh ke Bi sufficient 'y positive, Q 2 starts conduc- 

starts. co„?;cHng U de £r pe„ y d? S u e p n „ e „ ra,iVe aCti ° n - Th<! ,im ‘ » h ' a 01 
( 1 ) the time constant, R.,C X 

(U) oMnH 36 ? aCr ? SS f e common-emitter resistor, R k because 

snehdv d mnr ° niywhen L the voltage at base B 2 becomes 
slightly more poaitive than voltage across R k . 


« 
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fhe voltage across R k depends upon the current flnu/mr* 
on; n r ,ime ,S c °H“Ior current of a (which is then 
bias volSe'a ft T°hk e h' ° f t & ' in ,' UIn ' dc *’ ends °" base 

the 3 ' S'Tane'oS' ctages ta ‘ * S. J* * 

Thus finally we arrive at the instanu at w hX3? S'" 8 S ', gnal - 

fixfd by t the Sigml to be *’ sa "Pled. As^insTamT is 

moduMng sigMl! 1 ’ the ° U,PU| p “ lse ,arics ina “ordance with the 
30 9-3. PULSE POSITION MODULATION (PPM) : 

In this process, the spacing along the time axis het^ Prn 

Wi ' th 

amplitude and width remain fixed. hlhedj Vvhereas thli 

Pulse position modulation can he arhieve^ k- a iv ■ ■ 

width modulated pulses ana then Jectifiin. Ihe H ff, u 3 "" 8 

put. After rectification only Ihose pulses ssh h ha- ; r, | I ' lla ' cd 01 - 

trailing edge of wtdih modLted^V ]!i t 


Unmodulated position of trailing edge 

(a) tVidth modulated pulse 

(b) Width modulated pulse after ditfe 

rentiation 

(c) Position modulated pulse after 
rectifying the pulse (b). 



. 1 “rM tiom PWM 

30 9 4. PULSE CODE MODULATION (PCM) 

Thus finalf/sigltal (aTansmitled ^“codfofpuSs" C ° d ' ° f 

S 7l S ° 

as ages » 

* *ir.: i!ss x sss 
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-iv 


/ 


lu 
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id 


— b-/ 


ACTUAL MVE 


*1 


V4A/&4PD VoD£OF* * 5 l 0 7 r 7 7 6 6 5327 /0000/2*4 
LEVELS PC/LS£ D£M)T//V6^\ QUW7UM LEVELS 

r*£ STJA&AfiO L£V£L SAMPL /At? 

/AU££>l/Al . t 

Fig. 28. PCM sampling and quantising. 

inf o a nearest standard amplitude. For example, actual amplitude 
b is chosen as a nearest standard amplitude 4; actual amplitude a as 
a nearest standard amplitude 5. This is done to avoid the use of a 
prohibitively large number of code pulses to indicite the sampled 
amplitudes of the signal. In this process of quantising the inform- 
ation, some distortion (as is obvious from doited and solid curves) 
is introduced, but this error is minimised by increasing the num- 
ber of standard amplitudes. 

These selected standard amplitudes are not transmitted as such 
but are indicated by a code of pulses. As shown in the figure, each 
of the standard amplitudes from 0 to 7, can be specified by a 
different combination of pulses in a three pulse code in which a 
pulse may be either present or absent, or in other words code 
mainly concerns with the presence or absence of the pulse and 
such a code corresponds to binary digital code in which the pre- 
sence of a pulse is indicated by 1 and absence by Of. Thus the 
code for the eight standard amplitudes in three pulse code is 

2 2 2 1 2° 

7= 1 1 I 


1= 0 0 1 

0= 0 0 0 

Obviously, seven digit code is capable of transmitting 2 7 = 128 
standard amplitudes. A PCM system block diagram is shown in 
figure 29. 


tRemember zero state of the binary is that state in which output tube 
conducts \*hi!e input tube is cut off. This is initial state and no trig er pu'se 
is applied to the first tube When any pulse of appropriate polarity and 
amplitude is applied to the tube second, a reversal of state occurs and output 

tube is cut off while input tube conducts and this is the one state of the binary. 
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fig. 29. Block diagram of a PCM system. 

30 9-5. ADVANTAGES OF PULSE MODULATION : 

_ , (/ ) In such systems, amp itude limiting techniques may b< 
employed to minimise noi^e effects. ^ 

0theS'diffiJu h |';ies ammiSSi0n te madC inde P e " de "> °f fading anc 

(III) Multiple signals may be Iransmitled on a signal carrier 
rnrmVm , Energ J ,s radiated only in short bursts and therefore the 

consumption of power is low. 

experiment 

relationshin^'o.*! 1 !? rnodu!at . ion °I a carrier wave and to show its 
relationship with the power in sidebands. 

the meMir^n, 1 arran § ement > shown in figure 30. is used for 

latin " signal 60 1 n r° dU at ' on ‘ Eor t * ie su PP'y of various modu- 
wave^ ovy ,vh- frec l u | enc y. oscillator is used and the carrier 
high freonen 10 1 th | 5 modulation is performed, is generated by a 
connected S osc *! lator - The modulated output ofh. f. o. is 
are connects t K ^ ert ' ca .P latesofC.R O. The horizontal plates 
tj n g oscillator C1 ^ t0 inear Ease or to f I |e terminals of modula- 
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For the n!' Arrangement for the measurement of modulation, 
connected t P ^ measurem ent, output terminal ofh fo are a 
ceed as fol!° w a s ;" 0Wn l0ad « a milliamercr We p, 

f irst modulating oscillator output is kent at vem n 

Smg^Theatmet/r.h"'" ** ^ » S* «“u. 

noted ammeter A then records the carrier current /. It 

W%miduU?ofap™ox';maLry 0d "' a,in8 ° SCii ' a<0r iS raised 10 S 1 
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The ammeter reading is noted. The stationary pattern on the 
screen of C.R.O. will have the form as shown in fig. 31 The exact 
value of mod ulation can be calculated from 


m 


E 


max 


E 


min 


E. 


'max • + £min * 

where E^ax- and E m i„, are the maximun 
of the modulated wave as shown in fig. 


and 

31. 


inimum amplitudes 



lodulated 


Fig> 31 . Stationary pattern of an amplitude i 

wave on C. R. O. screen. 

(m) Now by varying the oscillator output the modulation is 

increased! in steps and at each step the values of m and current I 
are noted. 


If Pc is power in the unmodulated carrier given by P e =I e % .R, 
then the power in two side bands 

Psidciand=P—P c , where P=FR. 

i w o graphs are plotted. One graph is plotted in P 9 the total 
power of the modulated carrier and modulation m as shown in 

jgure 32. The other graph is plotted in the power of side bands 
and m z as shown in figure 33. 



P£*C£AmiGE toQOVLTVCn 
Fig. 32 # Total power in modulated carrier. 



M odulation 


1437 
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0'3 Q'4 0‘S 0'6 0 7 0 : Q 

m 2 . ^ 

F >g- 33. Side band power as a function of m\ 

numerical examples 

77“, bef r 

of modulation employed assuming no distort I*'""**' 

modulation" a™ ^ reIation in the curr ^t before and after the 


/=/, 



1 + 


fn Q 


v # 


or 


or 


14 : 

= 1 2-5 

A 


f 14 \ 

2 z 

_ \ 1 2*5 / 

m a 3 = 

318 


625 

m a 3 = 

= 0 - 7132 . 



1 + 


1 


2 

m a 2 \ 

2 y 

159 

625 


« 

71 ' 32 %. 


carrier wave and TllTwZ tl^ZZ 4 ™’ with ™ unmodulat 
* distortion, calculate percentage of modulation. 8 8 

Pressed as °" “ modulation “<> carrier wave power can be ex- 



m a 2 = 0-6, 

m a = 0 - 7746 . 
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Percentage of 



odulation 

=0-7746x100 


=7746%. 

3. What should be the power in an amplitude modulated wave 
when modulation is 10^% and carrier power is 10 watts. 

Carrier power P e =Ef\2R— 10 
and m a =l . 

Power in modulated wave will be given by 

P m = 10 (1 + £)=15 watts. 


4. In a plate modulated class C amplifier , the output obtained 
w 15 KW, with an efficiency of 70%. The power input from the 
source is ]000fF. Modulation is 60%. Determine : 

(a) Power supplied by the modulating amplifier, 

C b ) Plate dissipation of the amplifier, 

(c) Power supplied to the modulated amplifier. 

Given that P„=1500 W, 

V = 0-7, 

P bb = 1000 W, 
m 0 = 0 c. 

(a) Power supplied by the modulating amplifier is 



= 1000 x 


26_ 

200 



= 180 W. 

Plate dissipation is given by 



X0-3 


708 W. 



Power supplied to the 


II 


odulated amplifier 


P,.=^. = 1^9=2142-82 W. 

r) 0-7 

5. A sinusoidal carrier voltage of frequency 1 me Is. and amplitude 

100 volts amplitude-modulated by a sinusoidal voltage of frequency 

5 kc/s. producing a modulation index oj 50%. Calculate the Jr 
quency and amplitude of upper and lower side band terms. 

Frequency of upper side band 


= oy a +w m 

= 1.10 6 +5.10 s 
= 1 005 kc/s. 
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Frequency of lower side band 


= 10° — 6. 10 3 
= 995 kc/s. 

Amplitude of each side band term 


m 


■E c 


0-5x 100 
2 ~ 


= 25 volts 


6 A grid modulated class C amplifier is designed to give 2 kw 
modulated output power at a n odulation depth of 80%. Find the 
rating of the valve. Assume an unmodulated efficiency of 25%. 

Refer to eq. (24) art. 30‘3 (ii), the rating of the valve is 

(Pv)m a z = Pc ( — 1^ 

\ r luumod * 


From eq. (22), we get 


Pc — v- - 1 

\0-25 


)- 


3 P. 


Pc = 


14- 


j> 2000 

m a *~ 1 32 


Therefore 


15151515. 


(Pp)ma x . = 4x 1,51 5-1 5=4545-45 Watts. 

?' a S r, d modulated class C amplifier the rating of the r f 

mZdir tube J™ axi ™um plate dissipation) is 3000 W and depth of 

ZcreaT” " 5 ° % ‘ ^ (d) r ' P ° WCr ° UtpUt P ‘> <*> P*™nt 

now, r \ n P0We n contawed in sidebands. P, td . band and in modulated 
4 rhn° U a Ur ' , P °' due t0 modulation. If the depth of modulation 
nf S ° tmt e ff lcienc 'y increases b i 6%, then find the new depth 

module % tl< r£ ° nd pOWcr dissi P ated in the vaIve - Given that un- 
modulated efficiency is 25%. 

Given (A>W=3000 W, 


(a) 


(b) 


\ J p'max • — Jvoo 

ma^ 0*5, 
Vunmod* ~ O' 25. 
r. f. power output 

p (Py)m,T. 3000 

— 1 i 1 

Vunmod- O' 25 

P 1000x0-25 

■ r ‘i deband — J c ^ 


1000 Watt. 


150 Watt 
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Total modulated output power is 


p*=Pc(\Vy) 


1000x11 + 


0-25 

2 


1000x1-125 
1125 Watt. 


Therefore P eld aband as percent of total output P 0 is 

150 


P.i 


sideband 


xioo 


1125 


X100 


13 - 33 %. 


Percent increase in total output power is 


100 - 1125 - 
Pc 1UU 1000 


1000 


XlOO 


125 

1000 


XlOO 


(c) 


= 125 %. 

Efficiency at 50% modulation 

2 


Vunniod • ( 1 ” 4 " 


m, 


2 
0-25 
2 


=0-25 ^1 + 

=0-25x1-125 

=0-28125 

=28-125%. 

Increase is by 6%. Therefore, new efficiency 

=(28-125+6)% 

= 34T52%=0 34125. 

Let new modulation index be m a ', then 

'j 


0-34+5=0 



1 + 


m„ 
2 


0‘8544=w a '. 

Therefore new modulation is 85-44%. 
Power output at new modulation 

(Q‘8544) 2 j 


Pe 1 + 


= 1 000 x 1-365 
= 1365 Watt. 

Power dissipated at the valve 
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'-'•Kt’HH 

= 1365 ((F34- 

= 1365 x 1-941 
=2649 70 Watt. 



8. The following data refers to typical F.M. and P.M. systems 
respectively ; 

F. M. system : 

Carrier voltage <? c = 1 00 sin 27rlO*t 

Modulating voltage c m — 5 cos 2n\000t 

Af— 50 kc/s. 


P. M. System : 

Carrier voltage e c =100 sin 2nl0 8 t 
Modulating voltage e m =2 cos 2n500 1 

A(f>=20 rad. 

Find the instantaneous frequencies and instantaneous voltage in 
both the cases. 


F. M. Syste 


Refer to article 30'5. 


Instantaneous frequency of f. m. wave is given by 

f=f 0 +Af cos cj m t 
= 10 8 + 50x 10 3 xcos 2 re. 1000/ 

The instantaneous hngular frequency 

CO{ ==: U)c + fC/Ffri COS COfnt 

K/E, 


2n.f 0 -\- 


2?c 


. 2n COS 2 rrf^t 


Also 




=2n. \W + Af.2n COS (2n . 1000f) 

=2tt [10 8 + 50x 10 3 cos (2r.. 1000/)]. 
=w c t-\ — - — - sin w m t-\-0 o 

=2 n fc-t + ff sin 2 Trf m t + Po 

J m 

^0 10 3 

= 2,r.l0 6 r+^~p sin (2n.l000/J+fl o 

=2 v. 10 6 r+50 sin (2 jc. 1OOO/)+0 o , 

The expression for f. m. wave is 

e=E c sin (a> e r+m/ sin w m t) 
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t ,Af • ^ 

■t+r- sin 2n 

f m 

= 100sin ^.10 8 /+^^-sin27 ) .lOOO/ ) 

= 100 sin (2rr. l0 9 ./-f 50 sin 2*.1000 /). 

P. M System : Refer to art. 30 8. 

Instantaneous frequency of phase modulated wave is given by 

f~fe+Af cos » m r 
=f c +A<f>f m COS 2rrf m t 

= 10*-f 2' x500 cos ( 2t. 5000 

= 10“+ 10* cos (2n.500f). 
expression for p.m. wave is 

e ~E e sin (<a c t A <J> sin <o, a t) 

= 100 sin (2k. 10 9 .r+20 sin 2 tt.500O. 

EXERCISES AND PROBLEMS 

A carrier wave n amplitude modulated at audio frequency. Deduce an 

expression to show that two side-bands are produced. What is the 

re ative power in each sideband carrier when modulation coefficient is 
0*5 ? 

2. What do you meaa by the process of modulation ? Why i$ it necessary 
for the transmission of intelligence ? 

Describe briefly plate modulated class C amplifier for the production 
ol amplitude modulated wave . 

3- Explain with the help of suitable diagram how a reactance tube is used 
to produce frequency modulation. 

4. Discuss various methods of modulating the carrier amplitude of broad- 
cast transmitter, with special reference to the method which is used 
commonly. 

5. Describe the main features of amplitude modulation. Describe a plat® 
modulated class C amplifier and discuss in detail a method for the 
measurement of percentage of modulation. 

6. Why is single side-band transmission preferred ? Discuss how it is 
produced by means of balanced modulators. What are its advantages 

7 < a^ T convcD ^ ,OBa ^ amplitude modulation systems ? 

7. A carrier having an amplitude of 100 volts and a frequency of 100 mc/s, 

s frequency modulated with a modulating frequency equal to 1000 
* yc ks The resulting frequency deviation A /is 75 kc/s. 

a) Write an expression for the instantaneous voltage of the modulated 
wave. 

(b) Write an expression for the instantaneous frequency of the modu- 
lated wave. 

8. The r.m.s. value of radio frequency voltage before modulation by a 
sine-wave audio frequency voltage is 50 volts, and after modulation 
5 volts. Calculate the percentage of modulation. 
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9. 


10 . 


II. 


12 . 


What arc tnc advantages of f.m., over a.m. ? Derive the expression for 

the spectrum of f m wave. Under what condition does the spectrum 
not contain carrier frequency ? 

Compare frequency modulation with phase modulation in terms of the 
frequency and phase devia'ions produced by modulation with sinusoidal 
tones of constant amplitude and different frequencies. Hence show that : 

(a) a frequency modulator can be used to generate a phase modulated 
wave 

(/>) a phase modulator can be u c ed to generate a frequency modulated 
wave. 

A high frequency oscillation of frequency / is modulated by a frequency 
p so that the resultant current is represented by the expression 

i—A (l — B sin 2npt) sin 2n ft. 

Resolve this expression into the carrier and two side frequencies. What 
is meant by percentage of modulation, and what is the percentage modu- 
lation in above case ? A transmitter supplies lOktVto the aerial when 
modulated, what will be its output when modulated to 100%. 

[Hint : i=A sin lirft — AB sin 2npt sin 2 nft 

AB 

=A sin 2;t ft- -j- [cos 2n ( p-f ) t- cos 2* (p+f) t]. 

which consists carrier and two side bands. Comparing it with eq. 4 art 
301, we find that (across some resistance R) 


E. 


R 


AB 

2 


m a Ec 

~2R 


so that power dissipated across R is 



A* 1 + 


5 s 


with 100% modulation B= 1, so that 

3 


2 

3 

2 


A 1 


x 10=15 kw. 


because when unmodulated, power A x is 10 kw.] 

Describe the principle and operation of a suppressor grid class C modu- 
lated amplifier, what are the advantages of this type of modulation. If a 
class C modulated R. F. amplifier generates a carrier frequency power 

of 16 kW at an efficiency of 66%. Calculate the output of the modulator 
to modulate the carrier with 100% modulation. 

t int : The modulated output of r. f. amplifier is given by 

P»=n 
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It is given that 

Po=l ’6kW t r)=0 *6 and m a =l for 100% modulation. 

so that 


P 


1-6 2 


bb 


kW. 


0 6~ 3 

Average power supplied by the modulator (modulating amplifier) will be 

Pbh — 2 — — x —x —kW 
* 2 ~U-6 X 3 X 2 klV 


P 


16000 

18 


13. 

14. 


= 808 watts] 

Discuss in detail the advantages and disadvantages of frequency modu- 
lation . M 


What are the advantages of pulse modulation system . Discuss pulse 
width and pulse code modulation systems. Illustrate with circuit dia- 


grams. 



31 


DEMODULATION (DETECTION) 



Demodulation is the process in which the original modulating 
voltage is recovered from the modulated wave. Circuits emnloved 
for detection are called detectors or demodulates and deoends 
upon the type of modulation. They are broadly classified as : 

(0 Amplitude modulated detectors. 

(») Frequency modulated detectors. 


311. PR1NCIPI E OF A. M. DETECTION AND CLASSIFI- 
CATION CFA. M. DETECTORS : 

In amplitude modulation envelope, the carrier amplitude has 
symmetrical vacations at its positive and negative half cycles that 
correspond to modulating voltage. As this envelope is symmetrical 
the mean value of detected or rectified r.f. current comes out to be 

zero. I herefore non-hnear devices are used which make the mo- 
dulated wave unsymmetrical either by wiping out the negative half 
r.f. cycles or by making positive and negative half cycles unequal. 
Consequently d.c. or mean value of detected (or rectified) r.f. cur- 
rent then rises and falls at modulating signal rate inaccordance 
with the amplitude of r.f. signal and may be separated by employ- 
ing suitable filters. Thus audio frequency variations are extracted 
from the modulated wave. There are mainly two types of detectors: 

O') small signal or square law detectors (non-linear detectors), 

(h) large signal or linear detectors. 

In square law detectors the output amplitude (detected output 
voltage) is not a linear function of input amplitude. The detecting 
tube is operand at the non-linear portion of its characteristic. 
Since current through the detecting circuit elements flows continu- 
ously, plate current of the detecting tube can be expresred in the 
form of pow er series expansion. This type of detection is suited 
for small signals. 

In linear detection output amplitude (detected output voltage) 
is proportional to the input voltage i.e. their relationship is linear. 
In such a type of detection, rectification properties of the diode is 
used so that the current in diode flows in pulses. The behaviour 
of such a device, therefore, can not be analysed by the use of power 
series representation. This type of detection is suited for large 

signals. 
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31 2. SQUARE LAW DETECTION : 

Square law detection can be classified as : 

(a) Square law diode detection. 

(b) Square law triode detection, 
divided into two classes : 


his type can be further 


^ 9 \ . ^ or grid detection, 

ill) grid leak detection. 


312-1. 


SQUARE LAW DIODE DETECTION : 

The circuit for square law diode detection is shown in figure 1. 

In this process of detection, we 
utilise the non linear portion of dyna- 
mic volt-ampere characteristic of 
diode. 

Since in the case of square law 
detector the input carrier voltage is of 
very small magnitude, the operating 
point will be on excessively non- 
linear portion of the characteristic. 

On the other hand, in the case of 
linear diode detector this operating 
point shifts towards linear portion of 
characteristic because of large inDut n . . , 

carrier voltage and most of the opera- diode detector. 

ti°n takes place over the linear region of characteristic. 

Battery is applied to bias the plate of diode positively in 

order to shift the working point to a non-linear portion on the 
characteristic as shown in fig. 2 . 
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Fig. 2. Output wave of detector with resistive load. 
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When a modulated wave is applied to the detector input then 
since the operation takes place over the non-linear portion, lower 
half of the input waveform will be compressed in the output as 
shown. Due to unsymmetrical shape of output waveform, varying 
average current will be produced. This average curront will be 
made up of two components. 

The capacitor C offers low reactance to carrier frequencies so 
that all carrier frequencies are bypassed and only avwege current 
component Hows in load resistance R. 

The performance of square law diode detector can be repre- 
settled by a power series. The plate cuttsot ts related to pJafe 
potential by a square law relation 

l — .. (|) 

whew V a ^Ete+e 

=&»■+ E c (l*t- m Q cos ow) cos 


£■(* + £: COS + C0S C«p — t 


4- 


cos (uv + a*) r. 


lotting this value of V a in current rftnrioc (1), we shall get 
teftns contiining frequencies 2w e , 2 ( 2 co„ — tu m ), and 
2<a m . The radio frequency terms are bypassed through the shunt- 
ing capacitor C, w.iile w m and 2w m produce output voltage V 0 
acrou load resistance R. to m term gives desired modulating voltage, 
while Stun is a harmonic term producing distortion. 


31 2 2. SQUARE LAW TRIODE DETECTION : 


We shall first discuss grid detection or anode bend d e t ect ion. 


(a) Grid detection (Anode bend cfrteCtU*> : The method of 
detection makes use of non-linear portion of the dynamic transfer 

characteristic of a grid con trolled tWW. f-e, triode, tetrode or 
pentode 


Circuit arrangement is shown in ftpUfe 3. The grid is biasatl 
such as to shift the operating point to the non linear portion af the 
dynamic transfer characteristics. 



Fig. 3. Circuit for j(ftt ddREfon 
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As shown in figure 4 average value of plate current over one 
cycle of the carrier wave, fluctuates with the signal amplitude and 
therefore, potential drop across the load resistance R has modula- 
tion frequency component which follows the modulation envelope 
of the signal. Condenser C bypasses radio frequency component. 



Fig- 4. Illustration of the operation of detector. 

Analysis of anode bend detection : Let a.c. plate current / 
be represented approximately by the power series 

i=a 1 e+a 2 e 2 . ...(1) 

neglecting higher order terms, where 

e=E 0 (1 +m a cos oj m t) cos w e t. 

Therefore equation (1) becomes 
i—ajEc (1 +m a cos w m t) cos co c t 


+ Y E<> 2 ( 1 + m a cos w mt) 2 (1 +COS 2(J),t) 


a x E i 


COS “>ct+~ COS (to c + aj m ) t+~ cos (cn e — c o m )t J 
+2 Ef" -f2w 0 cos <D m t-\ — — (1+cos 2u) m t) j 
+Y Ec 2 £ cos 2u) e t-\-2m a cos a > m t cos 2w e t+- cos 2 co e t 


m a z „ „ 1 

+ ~2 cos /co m t cos 2juj ( t I 


...( 2 ) 
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Since radio frequency components are bypassed by the shunt 
condenser, the remaining terms in the plate current are given by 



m a 
2 


cos -x- cos 2oj m t 


m 
2 


2 


S ES 


2 V 

/ l-f j-\-aiE 0 2 ni a cos w m t 


+ E^nta 2 cos 2ai m t. 
4 


...(3) 


In the equation (3) the terms : 

~ 2 

(/) f-* £c 2 


II IUW ivi mu • 

2 v 

l+^ a j corstitutes the d.c. component of plate 

current ( I d . c .)• 

(//) The second term a 2 E c 2 m a cos oj m t constitutes the desired 
modulation frequency component. 

(ill) The third term m fl cos 2w m t constitutes the distor- 

tion term in frequency, 2a> m being a harmonic ot modulation fre- 
quency (JL) m . 

The d.c. component is blocked from being transmitted to next 
stage by means of coupling condenser C c . 1 he modulation frequ- 
ency component in the output piate current, /, is therefore 

2 . . \ 

.. (4) 

The second harmonic component should be kept as low as 
possible. If it is to be kept low, say 10% of the fundamental com- 
ponent, then it is necessary that 

2 


/ 


a 2 E c 2 ^ M a COS + — - cos 2w m t j- 


m a 

~4 


Ma 

10 


or w a < 0*4. 

That is, the modulation index should be less than 0*4. Ordi- 
nary broadcast is performed generally at 40%. Therefore, detectors 
can be used to act satisfactorily. 

Example : Find the second harmonic distortion in at d'O output it ‘he 

depth of modulation exceeds 20% in an AM. signal app ied to square law 

detector. . t ^ 

From equation (4) the amplitude of the second harmonic component is 

w 0 a /4. T he amplitude of desired modulation frequency component is 

• • 

Therefore, percentage of second harmonic is 

x 100 = 25m„% 
m a 

If depth of modulation exceeds 20% i.e. m a > 0-2 then percentage 
cf second harmonic will be greater than 25x0 2 or 5. Thus second harmonic 

distortion will exceed 5%. 
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Advantages : Main advantage of anode bend detection is that 

when signal amplitude is not large, no current flows in the control 

grid circuit, and thus power consumption ia grid circuit is very 

small Superiority of anode bend detection over linear diode 

detection is that it does not require any power from the modulated 
carrier voltage. 

(b) Grid Leak Detection : Circuit for grid leak detection is 

shown in fig. 5. The method makes use of the non-linear portion 
ot the dynamic grid current-grid voltage characteristic of a grid 
controlled tube shown in fig. 6. 6 

The complete circuit can be understood as a combination of 
diode detector and a stage of triode amplification for detected 

signal. Grid and a cathode act as elements of a diode, rectifying 

the input modulated signal and RC combination acts as its load 
impedance. 



Fi !. 5. Circuit of triode grid detection. 


vca %mwt 


At positive peaks of input 
signal, electrons flow from cathode 
to the grid of the triode, charging 
rt}®. condenser, C, to a potential 
difference V 0 . Similar to diode 
detector, the potential difference 
V 0 has three components : 

0) a direct component, 
nearly equal to the amplitude of 
the carrier wave. 

00 an audio frequency com- 
ponent having amplitude nearly 

equal to the amplitude of the mo- Fig. 6. Dynamic / - e „ characteristic: 

delation envelope and - 9 9 

0») a radio frequency ripple. 

ween^r'id^nH 0 !^}? 1 !t naI , C [° SS the resistor R is also available bet- 
ween grid and cathode cf the amplifier tube. Since grid potential 



L/juaiiuv vuoiaviv 

of a grid-controlled tube 
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varies inaccordance with modulation frequency, the anode current 
will also follow the modulation envelope. The current sets up a 
modulating voltage across R, and r.f. components are bypassed 

by shunt capacitor Ci. , . „ 

Advantage : The important characteristics of grid leak cktec- 

“ output volmge' a? modul.t on frequency may be obtained for 
a given magnitude of input modulated voltage. 

Disadvantage : When the input signal is small, current in 
grid circu i t flows continuously for the complete r.f. cycle resulting 
in high consumption of power in grid circuit. 

31 3. LINEAR DIODE DETECTORS : 

This type of detectors are being widely used in home receivers 

ssrttsx 

types : 

average detection type, anu 
(b) envelope or peak detection type. 

31*3-1. LINEAR AVERAGE TYPE DIODE DETECTOR: 

rirn.il U shown in fig. 7. The modulated signal is fed to the 

diode through a resonant circuit t u n e d t o t he c a r n « ^ q u e n c y ^ 

Resonant circuit has a bardwith suffia n • w jthout 

ditrr f r j&s 



Fig. 7. (a) Linear average die de detector. 

(/>) operational characteristic 

average current, / a „, in the diode circuit is obtained which follows 
the variation of modulating vohage. We can show mathematically 
that output Vav contains modulating signal component. Let the 

modu’attd voltage at input be 

e^E c (l +m a cos uw) cos oj 0 t. 
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The current pulse during conduction period is then 

e E 

ia ~rd+E = rf^R' ^ + " 70 coS w *»0 cos 

for —77/2 < w e t < it/2 r d is diode resistance and i? is the load 
resistance. 

The average current over a period of carrier frequency is 

1 C” 

1 r +"/ 2 £; 

J 0 +« a cos to m r) cos o> c r </(<v) 

If cos term is assumed to be constant (since co m < w e , 
cos does not appreciably change during one cycle of carrier 
requency) over an interval — ir/2 to n/2 of carrier frequency then 

T Hg J r-tw/2 

Jav r d -\-R ^ + cos Wmf )- 2 ~ 1 cos ctvf </(ct/ c r) 

_ 1 E c 

~ n • ^7+7? 0 +™« cos aj m /), ...(1) 


17/2 


Therefore average output voltage is 




av 


Ec R 
~ r<i “h -/? 


(l+/tt a COS U> m t), 


...( 2 ) 


which shows that average component of output voltage contains 

a d c. component 

E c R 


v {r d -\-R) 

and the modulating signal component with no distortion (i.e. no 
harmonics of modulating frequency, o> m , is 

E c R 

Hrdi R) Wa cos Wm1 ' 

The detection efficiency is given by 

^ _ Average value of output power 
Peak value of input voltage 

Therefore, for average detector, we have 


u s : ng eq. 2. 


Ec (1 +m a cos w m t) 
1_ R 

' (r d + i?)’ 


or 


"Jr* 


1 + R! 


...(3) 


• •(4) 
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which, when — 1, reduces to 

r d 


1 


and is maximum. 

This type of diode detector is not very efficient be cause the 
modulating signal component is one-third of the input voltage 
(l/n term in eq. 2). Further carrier frequency component along 
with its harmonics is also present at the output wh ch is not desira- 
ble. For filtering this high frequency component and improving 
the efficiency, a capacitor is connected across load icsi.stor R as 

detailed in next article. 


31-3-2. ENVELOPE DIODE DETECTOR : 

They are most commonly employed in all types of home radio 
receivers because of their large detection efficiency and a.so eing 
practically free from distortion. 

Let us first discuss the effect ol introducing condenser and 
resistor in a diode circuit. 


(0 


Introduction of a condenser : Circuit is shown in f.g. 8 ( a ). 

switch the supply, posi- 


Let us suppose that as soon as we 
tive half cycle starts. A current 
will then flow through the diode 
charging the condenser C and 
making its plate connected to 
cathode-positive. The potential 
difference across the condenser, 

V c appears as a negative bias 
[shown by a line in fig. 8 (b)] on 
thel anode of the valve due to 
which the anode potential will 
be 

V Q ~e— V C9 



T 


16 


+ 


C 


I, 




T 




Vc 






Fig. 8. ( g ) Condenser in 
a diode circuit. 


where e is supply voltage. 

This potential across condenser goes on increasing with the 
flow of current. Now towards the end of the positive half cycle, a 
stage comes when falling magnitude of the supply voltage V l . 
becomes equal to the rising magnitude of bias voltage and hence 
the current stops to flow. Nov/ during the rest of this cycle, since 
the current does not flow, diode is open, condenser cannot discha- 
rge but retains the previous charge. 

On next positive half cycle, current will start flowing only 
when the supply voltage reaches the value V 1 . With the flow of 
current, charge on condenser will again increase and hence the pot- 
ential V c Since this basis voltage increases, the current will rise for 
a smaller period as compared to first positive half cycle and stops 


1454 


Hand Book of Electronics 



Fig 8 (b) Action of diode with condenser in series. 

soonet. Finally a stage comes, when V„ rises to the peak value, e, 

o supply voltage and then no current flows through the valve at 
any time. 


( 11 ) Introduction of resistance in previous circuit of fig. 8 (a) : 
i-»ue to the introduction of resistance, at negative half cycle, the 
condenser will discharge through it and hence V 0 will decrease. If 
time constant CR is sufficiently large as compared with the period 
ot supply voltage, condenser will discharge very little between two 
positive cycles. Thus, ultimately, the potential across condenser 
will rise on switching the supply. 

But due to the increase in this 
potential, current pulses become 
lower and thus give less charge 
to the condenser. Further the 
interval between the current pul- 
ses, in which condenser discharges, 
becomes longer. Finally a stage 
comes when the voltage gained 
by the condenser during charging 

process becomes equal to the Fig. 8 (c) 

voltage lost during discharge and 

thus average pontential difference across condenser becomes constant 

t e .u iD ° ^ ^ which is less than peak value of supply voltage, 
in this case, therefore, current will always flow at the positive 
peaks of supply voltage. 
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Fig. 8. ( d ) Action of diode with a C-R circuit in series. 

Linear Diode Detector Circuit : Linear diode detection utilises 
the rectification characteristic of a diode. In fig. 9 (a) and 9 ( b ) 
basic circuit of linear diode, detector is shown. 



Fig. 9 fa). Basic circuit of linear diode detector. 


D 



Fig 9 (6). Basic circuit linear diode detector. 
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The modulated carrier voltage is applied to a series combi- 
nation of diode and load impedance consisting of a resistance R in 
parallel with a capacitance C. As shown in figure 9, (a) and ( b ) 

I is the current through diode V a is the potential across the diode, 
V 0 is output voltage 


Satisfactory Conditions of Detection : The condenser with a 
capacitance C should be such that its reactance at radio frequency 
f c is much less than R, i.e. 

2 rfcC <R ’ 


while its reactance as audio 

i.e. 


frequency f m is 


If 


uch greater than R, 


2nf m C > R - 

We see from above conditions that impedance of load circuit 
is small at radio frequency while large at modulation frequency. 
Therefore, when a modulated signal is applied to the circuit, tne 
radio frequency components of the current through diode sets up 
onlv a small potential difference across the load but audio fre- 
quency and direct components will set up large potential differences 
(Refer to fig 10) Thus a unidirectional potential difference V t , 



D 1 

V Q 

Fig. 10. Variation of average current through diode 

(a) when input is unmodulated 

( b ) when input is modulated. 


% 


J 
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varying at modulation frequency will appear across the load and 
the ripple be very small. 

When the carrier wave is not modulated, the average current 
/through diode will be constant; but when the wave is modulated, 
then the average value of the current / through the diode will fluc- 
tuate at audio frequency rate over one cycle of carrier wave. There- 
fore, if the period of modulation T m is greater than CR, then 
potential difference across the load fluctuates with average current 
through diode because condenser will not bypass audio frequency. 

The radio frequency is bypassed for the period of carrier wave 
is much less than time constant CR. 



Therefore the condition of satisfactory detection is 

T m > CR §> T 0 

~ > CR > ~ 

Jm Jc 


Theory of detection : For the analysis of diode detection, we 
assume that signal applied to the diode is having a large amplitude 
and is not deeply modulated. For this reason, changes in the peak 
current through the diode will remain confined to straight portion 
of volt-ampere characteristic of the diode. In otherwords, we, 
during the analysis, can take the characteristic of the diode to be a 
straight line, the slope of which can be taken as 

V u 



With carrier as input : Let us first consider the case when 
unmodulated signal (carrier only) 

e c =E c cos w c t •••(2) 

is input to the diode. As shown in fig. 10(a), the average current 



Fig. 11. Conduction angles of diode 
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h*™* ** diode win be constant in this case. This current 
will develop the average potential 


V 0 =Rl 


...(3) 


“ he 10 m? u R ' We ignore the ri PP les in output voltage be- 
cause they will be very small when CR time constant is long S com- 
pared with the periodic time of the carrier voltage. 

It is obvious from fig. 11, that plate current flows in pulses 

^ g - fr0mang i e ^ ltO +^ At c Vi ==-6 'i« signal voltage 
(which is carrier here), e 0 becomes equal to the potential difference 
across the load. Then 


or 


e c —E c cos a) c ti—v a 

-i ?. 


w c t 


0i=COS 


E, 


The 


7 =2~ 


average anode current is given by 

r+tf, 

J_0 I*<K(J>ct) 

M 9l ^d(a> e t) 

^ Jo 

1 WIST* 

— J (E c COS W c t - V 0 ) d(aj e t) 


...(4) 

•45) 


1 

7rrj 


(E e sin et-PJJ. 


...( 6 ) 


vo,4f n g ^ ls va ^ ue °f T in eq. (3), we get the mean output 


y E e R 


The ratio of the average potential difference across the load 
to the peak signal voltage is called efficiency of detection. Denot- 

ino it nv A wta * 


Ko 
E 


ing it by (3 we have 

P— ^-=cos 0! (from eq. 5) 
Putting eq. (8) into eq. (7), we get 

cos 0,=— (sin 0J— 0, cos 0J 


...( 8 ) 


or 


tan 0,-0. = 




Since angle 0 X is small, we can expand tan 0, and taking 
first two terms of expansion 

0i 1 * 3 \_ „ "T d 


...(9) 

only 


0i + 


3 


e 


R 
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or 


or 


&i tt r d 

Aw 


,..( 10 ) 

For small values of angle of flow 20, and hence for small value 
of 0,, the detection, (3, is given by 

2 

1 (3 rrr d yi* 

2 V R * ...(H) 


(3=cos 0, 


From this eq. we note that : 

(/) detection efficiency increases as load resistance R increases, 
approaching unity for considerably large values of load resistance 
compared to diode resistance. 

(//) detection efficiency is large for small values of diode resis- 
tance r d . In actual diode, r d varies because of curvature in volt- 
amp. characteristic and has a minimum value over the linear range 
of the characteristic i.e. for large values of anode potential. Conse- 
quently detection efficiency increases with the increase of input 
signal amplitude. 

Thus for efficient operation of the detector, input signal must 
be large and load resistance must be kept much greater than the 
diode resistance. 

With modulated wave as input : Let us now consider the case 
when the signal input to the diode is modulated. The signal is 
expressed as 

e=£ c (l+m a cos a > m t) sin a > e t, 

where aj m and tu 0 are audio and carrier frequencies respectively. As 
discussed previously and depicted in fig. 10, when signal input to 


detector circuit is modulated then average value of current 7 thro- 
ugh diode and so the average potential T 0 , across load will vary at 
modulation frequency following modulation envelope. Detection 
efficiency 



average potential difference across load 
peak signal input voltage 


Vou t T>U t 

= £ c (l + »i„ sin cv m t) 

or T 9U (im(=p£’ ( ; + P£' c ma sin w m t. 

Eq. (12) has two components in the output voltage, 
component of potential difference across load is 

V b =$E c 

and modulation frequency component is 

V x — m a PF C sin c o m t. 


...( 12 ) 
The direct 

...(13a) 

...(13Z>) 
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nmrm* 3 ? r ^P resents the required expression for modulating voltage 

nnt tp dl ° °^ tput) - In order to obtain appreciable audio out- 
E , effi ° ienc y of detection should be high which, inturn, requires 

tance r ad Fu'rth er C£ R sh P Uld , be m . uch . greater than the diode^esis- 
tance r d . Further we notice that the signal amplitude 

£e(l+m a sin a> m t) 

seauentfv E h 11 Whe ? S ' n than when sin w m t=-l. Con- 

tnHp in y dlode resistance r d , which decreases when signal ampli- 

detec Epffl 8, W ‘ ? e dlfferent for these two values. This means 

output * of the detector is not sinusoidal but dis- 

mnrtniQt- - de i gree °[ dlstortl °n increases when the depth of 
„ f 10n 1S large, because then the diode resistance r d varies over 

L e H at :; a t nge - In n 0I ^ der to reduce this distortion, a high value of 

the d Jrm l a A Ce ’ fnw3 Ch ° Sen S ° that the rati ° M R ) is Small. TheD 

S io litfi ^ 9 F >7Trd L ^ a ec h 1S smap and detection efficiency 
:tIe affected reducing. thereby, the distortion. The diode 

i huS j ope . rate most efficiently when the input voltage is 

tam:e ^ ° a< ^ resis * ance 1S enough compared to diode resis- 

, j.^ quati ° ns (l? a ) and (13Z>) can also be put in another form in- 
cluding diode resistance r„ and load resistance R. 

f tv^ TOn l ec ^‘ ^)> tor unmodulated signal input having amplitude, 
A? the output voltage is 

sm ir in8 amp,itude m+m - 

^output~^E e (l -\-wi a sin a > m t) 

Substituting these values of amplitude and output voltage in right 
nand side of the previous equation, we get 

EJl+ma sin a> m t) R( „ p E e (l+m a sin a> m t) g \ 


^output 

nr d 

RE c (l-\-m a sin a > m t) 

nr d 

_RE e 

~nr d 

in which we have put (3=cos 0.. 



^ , M , - - — — — ^ 

E 0 (1 -f -m a sin w m t) 


(sin 0i~ P0J 


(sin 0 l -0 1 cos 0!) + R - e ™ a sin Wmt - (sin 0 1 -0 1 cos 0 t ) 

TTKd 


V, 


and 


Therefore d.c. output voltage is 

RE 

~~ (sin 0i — 0i cos 0,) 

• d 

odulation frequency component i.e. a.c. output 

RE e m a 


...(I4tf) 


y* ( ■ 


vr d 


(sin 0i-~0 x cos 0j) 


..xm 
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The effect of bypass condenser : Choice of time constant RC 
in linear diode detector : Diagonal Clipping : 

The time constant RC cannot be chosen too high or too low. 
If time constant is very small, then during the non-conducting 
intervals discharge curve is almost vertical which produces large 
fluctuations in the output voltage. On the other hand, if RC is 
high, then the discharge of condenser during the non-conducting 
intervals will be too slow. The discharge curve now will be almost 
horizontal so as to miss several peaks of the rectified output vol- 
tage during negative peaks as shown in fig. 12. 



Therefore, in order that the output voltage across the load cir- 
cuit may follow the fluctuations of the modulation envelope , it is 
necessary that the natural rate of fall of potential across load should 
be equal to or greater than the highest rate at which it is required to 
fall in the process of detection. 

In general, if a condenser of capacitance C is charged to 

potential difference V, then its discharge through a resistance R 
can be represented by the equation 

yJVe-URC' 

so that the natural rate of fall of potential is 
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dvJP_ 

dt RC 




v_ 

RC' 


i« X> ^ the p fesent cas e across load the average potential difference 
is v 0 . therefore natural rate of fall will be given by 

h 

RC- -0 5 ) 

equation 110 d,Stortion » the curve of in fig. 12 must follow the 

V 0 =$E g (1 +m a sin cu m t). 

awosltoadls ghc r „ a by° f fa ‘‘ ° f * he average po, '“ ,ial difference 

_<nr. ... 

dt = COS CO m t. ...(16) 

rate of fin nf ? is ? 1 “ cd previously that for no distortion, natural 
06) n tha« re<,Uir£d ra,e - We m “ st have fro ” Sons (l!) and! 


Vo 

RC 

Putting the value of V 0 , 

PEe (1-f m a sin w m t) 


$E c m a a) m cos o> m t. 


PE e m a o) m cos w m t. 


m Q (D m cos t o m t 


RC 
1 

RC'' l+m a sin w m t • 

Inequality (17) will be maximum if 

sin<o m r=— rn a . 

Putting this value of sin a > m t in eq. (17), we get 

_L j_ m aWrnV ( 1 —m a 2 ) 

rc^ ± r=^ — . 

Omitting negative sign as having no physical significance, 

1 m a oj„ 


..(17) 


or 


RC 

1 

to m RC 


or 


where Xc 


1 


VO —m a 2 ) 

m a 

VO -ma 2 ) 

m a 

V(l— w 0 2 ) 


...(18) 


w m .C * s reac ^ anc e of condenser. 

Therefore, the condition for no distortion due to the shunting 

CIlflTIPP Ka A V n /-J M ^ 


capacitance can be expressed as 

Xc 
R 


m a 


V0~w o 2 ) 


...(19) 
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As modulation index m a increases, -jr- — ° , - also increases 

“\/ v * "#a ) 

and time constant decreases. When modulation is 100%, ratio 

— approaches infinity and RC, the time constant, becomes 

V(l— m*) 

zero. With zero time constant, modulation frequency and carrier 
frequency both will remain in the output as there will be no filtra- 
tion of carrier frequency. The output thus largely fluctuates when 
the time constant is zero. This is the cause for which we do not 
prefer linear diode detection when the wave is 100% modulated. 
For 90% modulation, we see that 

V r 

— ^ 2 approximately. ...(20) 

A 

Relation (20) is the design formula for the load circuit of a 
diode detector. 

Example : Design the load circuit for a linear diode detector if a signal 
of 4kc/s with 70% modulation is to be detected satisfactorily. 

We shall calculate the values of R and C. The limiting values for them 
are given by 


or 


Ac 

R 

RC-- 


Given, 


Therefore, RC 


m„ 

a/( 1 -™« ! ) 

OJ m m a 

W7 a =0*7 

fm — 4 . 1 0 * 

Vd— (0-7)*} 

27TX4X KFxO 7 

0-714 

2d-x4x 1C 3 xU - 7 


7 14 xlO- 3 
KC ~628x4x7 


4-06 xlO" 5 


or R= 1000 ohms. 

C=4 ( fix 10~ 8 farad. 

=,0 0 4,x/. 

Input resistance of diode detector : When a signal voltage 
is applied to the diode detector then the ratio of the signal voltage 
to the current drawn from the source is called the input impedance 
of the detector, the resistive component of this impedance, or the 
effective input resistance may be defined in terms of an equivalent 
resistor which would absorb the same power as the detector circuit 
when connected across the same. This may be obtained as 
follows : 

Let the signal 

E=E C cos uj c t 



1464 Hand Book of Electrontci 

be applied to the diode detector. Then the average value of the 
power absorbed by the detector circuit is 


J ^ (la E 0 cos (O e t) d((x) c t) 

1 f+01, 

2ft J_ e U- E 0 COS OJ c t) d(o) 0 t) 

J f Q 

f Jq 1 (^ a Ee COS Oigt) d((iigt). 


as the diode conducts from -0 1 to +0 V I a is the current through 
the diode and 20 1 is the angle of flow. 

If it is assumed that the diode characteristic is straight and V a 
be the direct potential difference across the load, then 


_ 1 
P= 


wr< j 

= El\ e i 

nr a J 0 

on using eq. (8). Therefore 


-S Sl r,co S a, 0 ,.'^i2ie!££ 

71 Jo r d 


Vo) 


.d{w 0 t) 



COS* W 0 t COS Wgt 


E I 


J 0 ) d(Wgt) 


(cos 8 (Jjgt— COS Wgt cos 0j) d(w c t) 


- EJ 2 sin 20j, 


■nr d 
E 2 



2 


■2 cos 9 V sin 0 t j 


cos 0 a .sin 0 X ) 


...( 21 ) 


If R in denotes the effective input resistance, then by definition, 


r E ‘ 


thus 


2 R 


in 


E 2 


...( 22 ) 


F 2 

0 — ( a 

2R,„ 2nr d ^ 


cos flj.sin 0j) 


or R 


in 


irr a 


— cos ^.sm Vi 


• • 


nr d 


•(23) 


^1 COS 0\ V(l— cos 2 ^) 
Eq, (23) can be put in the form 


vr d 


cos-^ — PV(1— 


...( 24 ) 


R 


In 


?rr d 


Oi 


sin 20 , 
2 


Since the angle of flow, 20 u is small we can put 

(2& i) 9 


sin 20!= 20! 


3 ! 
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Putting from eq. (10). 



we get from eq. (25), 




(26) 


The detector circuit is usually coupled to the preceding tuned 
amplifier stage. The effect of input resistance of the detector is to 
shunt an equivalent load across the tuned circuit of that amplifier 
and will decrease its dynamic impedance and selectivity. A decrease 
in the dynamic impedance of the tuned circuit also decreases the 
gain of the tuned amplifier. To minimize this shunting effect, 
therefore, input resistance of the detector should be as large as 
possible which, in view of eq. (26), require a large value of load 

resistance R. 

Another form of relation (26) interms of detection efficiency, p 
can be deduced using eqs. (9) and (24). According to these relations 

■nri—R (tan 0, — 0i) 

and TTr 4 =R (n (0 X — cos 9 X sin 0 X ) 

so that 


R 


in 


tan 6 l — 8i 


R 6 1 — cos 0i sin * 
When efficiency p is high, is small so that 

*i 3 .... , *i 2 


sin 0j = 0j — 


6 ’ 


COS 01 = 1 



Therefore 


Rin_ 1 sin 0i — 0T cos 0 X 
R cos 0i v i — cos 0i sin 6 X 
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or 


R 


in 


l 

2/3 

R 


c . -( 27 ) 

he J?!fi 3 15 t ,re t dy ^ ken t0 be <* uite h, ’g h > in P ut resistance can 
be made large by choosing a large value of load resistance in order 

to minimize the aforesaid shunting effect. 

314 u!es CTION characteris ncs °F DIODE and its 

c™5; irCUlt f n P , obta * ning the detection characteristics, which are 
sometimes called as dynamic characteristics, is shown in fig. 13. 




Fig. 13. Circuit for drawing dynamic characteristics of diode. 

A « a 


A d I r f Ct . anode potential is given by a battery 

Jrfi r f lv . ld . e £: Thls direct component V d takes the place of 
average potential difference y u across the load circuit of the detec- 

nnt'pntti 518 ^ voita Sf/ 1S taken from the mains. We keep the 

oltage t. The direct current microammeter M ’measures the 
average current / through diode. 

Thejjynamic characteristics are drawn by plotting the average 
current / through the diode against the direct potential difference 

V 0 for a fixed signal amplitude e. For different curves other values 
of e are chosen. 

Figure 14. shows the dynamic characteristics of the diode. 

tor nn he°l charact «is«cs : The performance of a detec 
tor can be analysed by means of these characteristics : 

(/) Calculation of efficiency of detection (0) ; 

The average potential difference y 0 across R will be given by 

y n —Ri. 
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Fig. 14 Detection dynamic) characteristics of diode. 

Since this gives a negative bias to the anode ot the valve, it 
should correspond to direct component v & oi anode potential. 

Va=* — Ri 

The relation can be represented in figure 14 by drawing a load 
line for the resistance R. The different points of intersection with 

A 

detection characteristics give different values of Vi or V 0 and e 
From these values detection efficiency can be calculated since 



£ 


(//) Point Q is called operating point of the detection for the 
carrier amplitude concerned. The average value of current i and 
voltage y~ 0 moves on either side of Q along the load line. We can 
trace the waveforms of T and V 0 from the intersections of the ioad 
line with the detection characteristics as shown in fig. 14. These 
waveforms represent a true picture of the detector’s performance 
when the time constant CR of load circuit is small. 

(iit) We can estimate the distortion from these characteristics. 
For a fixed value of depth of modulation, distortion decreases with 

A 

the increase of carrier amplitude E c - 

Distortion in linear diode detector t 

The two main reasons for the distortion in linear diode detec- 
tor are : 
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*• .. ^Proper selection of time constant RC introduces distor- 

tion With a too low value of RC, radio frequency component will 
not be eliminated fully from the output voltage and thus causing 
large fluctuations in the output waveform. On the other hand if RC 

“5? ki gh ’ distortion results due to clipping during the negative 
peaks of the modulation wave. 

(70 Distortion also arises due to curvature of the tube charac- 
teristics. Due to this curvature, the efficiency of detection varies in- 
accordance with the amplitude of modulation envelope. This distor- 
tion can be minimised if detection efficiency, 0, is made sufficiently 
high for which J 

(a) load resistance should be large as compared to plate 
resistance of diode, and ^ 

applied Carrier voItage of lar S e envelope amplitude should be 

315. DIODE DETECTOR 

CONTROL : 

. In . ? rdcr t0 minim ise fading in receiving sets automatic volume 
control becomes necessary, In a.v c., the gain of pre-amplifying 

output S VanCd SUCh aS t0 S ‘ Ve un,form res Ponse at the receiver 
„„„ A Ut ^ atic volume control is secured by using the direct com- 

Sf r? a mSffi P 0U c pu Tr ,tage °f. diode detector to c ° ntro1 the s ain 

d nl ; amplifiers. These amplifiers use variable valves whose 
amplification decreases as their negative grid bias increases. 

tial IZZITIT (1 i a) ,° f i 31-3 ' 2 the direct component of poten- 
tiai amerence across the load is given by 

V b =pE 0 . 

depends upon the amplitude of carrier and 
oarri'r ampSe rises" ° f th = “ 

comnm^^l 8 ^ 8 the conventional a.v.c. circuit. The direct 
component V b is derived from detector’s output. R 2 -C 2 acts as a 


FOR AUTOMATIC VOLUME 




AMPUfi ©f 


STAGS 





TOAODJO 


J g- ^5. (a) Circuit for automatic volume control. 
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low pass filter to separate the direct voltage component of the 
detector, V b from the a c. components. The a.v c. voltage is deve- 
loped across C 2 . The values of R 2 and C 2 are large so as to mini- 
mise any change on the charge of capacitor C 2 due to a.c. compo- 
nent 

When incoming signal is weak, then due to the presence of 
a.v.c. voltage r. f. amplifiers operate wi'h a very weak output at 
which the sensitivity of the receiver is insufficient and low. There- 
fore it is rather better to use delayed a.v.c. circuit which acts only 
when the carrier wave has any amplitude above the delay level. 

Delayed AVC : Circuit is shown in fig. 15 (b). A dudiode 
triode tube is used When the diode D x works, its output consists 
of modulation frequency component F, and rectified d.c. voltage V b . 
Fj and V b are then applied to the control grid of triode 1' so that 
modulation frequency component is amplified and is available at 
the output, while the d.c. voltage makes the grid more negative, 
thereby, decreasing the d.c. component of plate current of triode, 
i.e. decreasing the d.c. voltage across Rk. 



1 fg. 15. (b) De'ayed AVC Circuit. 


With zero or small carrier input, d.c. component of platecurrent 
develops sufficient voltage across Rk to make cathode positive to 
ground by an amount depending upon the delay level. Since plate 
of diode D 2 is grounded, it would not operate so long as the cathode 
is positive with respect to ground. With the increase in carrier 
input voltage, negative bias increases so that d.c. component of 
plate current of triode decreases resulting in the decrease of d.c 

voltage across R K and hence cathode becomes less positive with 
respect to ground. The process continues till t ie carrier amplitude 
rises to the level set by delay bias at which cathode becomes nega- 
tive and then diode D 2 conducts. This sets up the normal AVC 
action. Obviously AVC acts only when carrier amplitude rises to 
a definite level. 


1470 


Hand Book of Electronics 


A transistor AVC circuit : Refer to fig. 15(c). When the 

signal leve) increases, the emitter current increases and point X be- 
comes more negative. This provides A VC voltage. Combination 
fi 3 C 3 acts as filter to remove any modulation from the control 



Fig. 15 (c). A transistor AVC circuit. 

voltage. This voltage is applied to the emitter of Q x (or other 
RF or IF amplifier) through a resistor R t , in order to provide a 
suitable control current. If signal level reaching the detector 
tends to increase, the emitter current of Q 3 increases. This makes 
point X more negative and thus emitter of Q , would become more 
negative. Since Q x is a PNP transistor, this action opposes the 
forward bias so that its emitter current and the corresponding stage 
gain are reduced, thus tending to maintain a constant level of the 
signal at the detector. 

A diode AVC circuit and delayed AVC circuit ; A diode dete- 
ctor circuit from where AVC voltage is taken is shown in fig. 15(d). 
AVC voltage is taken from diode load resistor, point 2, to ground. 
Rectified voltage at point 2, consists of a modulating signal voltage 
(B E c m a sin w m t, see eq. 12 art 31*3 -2) and a d.c. component (&E e ). 
R 3 C 4 filter circuit is used to remove modulating signal from AVC 
voltage. Capacitor C 4 has a low reactance (compared to Ra) at 
modulating frequency so that it bypasses the modulating signal to 
ground, while blocks the d.c. component (P E c ). Thus only d.c. 
component voltage appears across R 3 and is available as AVC 
voltage to be applied to earlier stages. Note that function of C a 
capacitor is to prevent this d c component from reaching the next 
stage (audio frequency amplifier) which needs modulating signal 
only 
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Addition of an A VC circuit has an adverse effect on the oper- 
ation of diode detector, because R a is effectively in parallel with R t 



Fig. 15 ( d ) Diode detector stage of A.M receiver from where 

AVC voltage is derived. 

reducing a.c. load resistance. This can cause amplitude distor- 
tion at high modulation levels. It is therefore significant to keep 
i? 3 large compared to R 1 but too large a value will increase the 
time constant R 3 C 4 which will make AVC bias unable to respond 
to rapidly varying signal inputs. Generally R 3 C A is chosen in the 
range OT — 0*5 second. This effect of loading by AVC circuit can 
be removed i {AVC function is separated from the detector circuit. 
Fig 15(e) shows a separate AVC circuit. Suppose the cathode of 



To groove/ 
or c/e /ay 


WVW 


i / v>' 


fVj 


i f. 


i ■ - 


j 


Fig. 15 ( e ). A separate AVC circuit. 

diode is grounded (see delayed AVC action in which cathode is 
connected to a positive bias voltage above which AVC action is 
desired), then diode conducts during the first half of the positive 
cycle of r.f. input signal, and capacitor C x charges to peak r.f. 
value with polarity indicated. As the r f. input signal, decreases, 
capacitor cannot discharge through the diode but through R 2 (and 
also through R x C 2 ). Because time constant Cj R 2 (or R l C 2 ) is 
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terge, condenser discharges only slightly. Due to the slight discharge 
; ^ n fnser Ca pick up a small charge with polarity as shown 

in the fig 15 (e). The whole faction is repeated (again diode will 

conduct at the positive half cycle of input r.f. signal, capacitor C, 
charges to peak r.f. value, it then discharges giving more charge to 
capacitor C 2 ) and after few cycles , charge on C 2 is built up to full 
alue, producing AVC bus voltage. Time constant R, C 2 is quite 
J^ge and therefore r.f. ripples and modulating signal (S E. m a 
sin u> n t) do not cause fluctuation in AVC bias voltage. 

When delayed AVC is desired, cathode of diode is connected 
to positive bias voltage corresponding to delayed level overwhich 
we desired A VC to operate. Suppose it is connected to +4K 
d en diode cannot conduct if the input r.f. signal level is less 
than 4V at its peak. Meanwhile capacitor C 2 will discharge thr- 
ough J( l and R 2 , the AVC bias drops to zero and thus at weak 
input signals AVC does not operate and receiver remains sensitive 
or such weak signals. But for signals having peak value above 
4 k, AVC action starts as explained before. 

SOME SOLVED PROBLEMS 

Example 1. A diode detector circuit with an efficiency o/80% 
represents an effective load of O' 3 !<d across the Input source of 
moaulated wave. Calculate the values of resistance and capacitance 
tobeueawith the diode for modulated signals having modulation 
Jrequencies upto 5 kcjs and a maximum depth of modulation of 80%. 

Given that P = 80%, R in = 0 3 meg. ohm w a =0-8, / m =5 kc/s 

Load resistance R can be found from eq. (27) which is 


R 


in 


or 


R_ 

= 2f3 

R=R in 2/3=0 3 x 10 6 x 2 x 0- 8 

=0M8 xlO 8 ohms. 

Value of the capacitor can be found from relation (18) art 
3 ‘3-2 which is, for maximum depth of modulation, 

1 m„ 


co m CR V(l—m a a ) 


or 


C 


y/(\—m a 2 ) 


Vfl-(0-8) 2 J 


m a w m R 0 - 8x2ttx5x 10 3 x0‘48x 10® 
=49-75 pF 

Example 2. The components of an envelope diode detector are 
R=200KQ and C—lOOpF. Determine the maximum percentage of 
modulation if diagonal clipping Is to be avoided i.e. for no distortion 
for an audio frequency of 10 kcjs. 

Given; i?=200x!0 3 ft, C=100x 1Q _1 * F, 

fm— 10 x 10 3 kc/s 
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Maximum depth of modulation is given by 

1 Wg 

oj m C R = \/(l -mf) 


1 




or 

or 

or 


2 ttx 10 4 x 200 x10 s xlOO A 10 

10_ m a 
4tt \/( 1 - m » 2 ) 

257-75 m a 2 = 100 

m a 2 -— 0 - 387 


-12 


\/(l 


W7 a ~0‘62. 

Example 3. In an ideal envelope detector the tub : J™ *"* 
ductance oflmAlV. The load is parallel com ma f ^ 

and capacitor such that when a voltage 20 . sin o> i ^ res is- 
input , //je conduction begins at col 60 J . Fmd t le v a f 

tor and the d.c. voltage developed.- 

Using eq. (9) art. 31*3-32, 

. . Ttr& 

tan 0 X — 0 X = R , 

we can find the value of load resistor R. We are given that tran 
conductance of the tube is 2mA! V. Therefore 

1 


i 


r,i 


,- = 500 £2. 


-g m ~ 2xl0- 3 

Further conduction begins at t 0° and will stop at 1-0 so l 
angle of flow 

20, = 120 — 60=60° 

or 0,=3O°=O'523O in rad. 


The load resistance is then 

„ 3-14x500 

tan 3t.'° — 0"5230 
_ 3-14x500 

”0 5774-0-5230 
= 29-20 KQ. 

From fig. 11, it is obvious that diode starts conduction only 

when the input signal voltage is just equal to the d.c. voltage acioss 
the load. Therefore 

d.c. voltaee developed across load = 20 sin 60 

= 17-32 V. 


Example 4. The input voltage to an envelope diode detector^ is 
10 (1+0-5 sin a> m t) sin u> e t volts. If conduction angle is 4j ,find 

d c. and a.c. output voltages. 
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output T eqUati ° BS (l4a) and (l4b) art - 3I ' 3 -2> we find that d.c. 


RE 

K= —* (sin 6 l —6 1 cos 0 X ) 


and a.c. output is 

,» REtiria . . 

f ( s,n *i-**i cos 0,). 

It is given that modulated input 

e=lO (l-j-0 5 sin oj m t) sin eo,t. 


so that 


Ee— 1 0 volts and m a =0'5. 

R 


In order to calculate we use eq. 2 art. 31*3-2 which is 

r* 

R 


IT 


r a tan 0 X — 0 X ’ 

with conduction angle 0, =45 c /2=22 

R 314 


O * 


O', we get 


r d tan 22 5 3 -0 3927 


314 


0*4142-0-3927 
1 46 05. 

' d.c. output 


314 

0215 


v 10x146-05 , . „ 

— 3^4 (sm 22-5 —0-3927 cos 22-5°) 

=465*3 (0-3827—0-3927x0-9239) 
=465-3x0-0207 

9 31 volts. 


The a.c. output voltage is 


V x 


RE* 


m a (sin 0 1 —0 1 cos 0 X ) 


Vt/T-a 

9-31 x0-5=4-655 volts or ( r 

\ y2 


.m.s. j 


Example 5. In a linear grid detector the range over which the 
gna can operate without undue distortion is 5 volts. If the carrier is 
modulated to a depth of 0*7, determine the greatest possible peak 
value of the audio input voltage. 

This implies that if grid is biased —2*5 volts, then maximum 

mc >diilated wave for no distortion about grid bias 
should be only 2“5 volts. Then refer to fig. 2 chapter 30, we, there- 
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Dmax — — 5 VoltS. 


Further 


m 


max 


-E 


min 


or 


or 


0*7 


2*5 


max 4” Emin 

Emin 


E 


min 


2' 5 -\-Entin 

0*44 volts. 


Therefore greatest possible peak value of the modulating volt- 


tage will be 


£ 


max 


E 


min 


2*5x 0*44 


1 *03 volts. 


31 6 FREQUENCY DEMODULATION : 

For the detection of f.m. waves, the method generally used is 

first to convert frequency modulation to amplitude modulation 

which is then subjected to conventional methods of deiectiou. 

Circuits in which the instantaneous magnitude of outrut voltage 

varies inaccordance with the instantaneous frequency variat on of 

the input voltage, will serve the above purpose. Such circuits are 
named as discriminator. 

3L7. DISCRIMINATOR : 

Vacuum tube circuit is shown in fig. 16 (a). 

jfhfG. 








1 


_ oor/vt 



Fig. 16 (a) Discriminator circuit for the detection of f.m. wave. 

Description of Components: C l -L l , which constitutes the tank 

circuit of an amplifier stage, is tuned to the centre frequency of 
odulated wave. This tuned circuit is coupled to another tank 

circuit C s L 2 tuned to the same centre frequency. The centre tap of 
f- and the top of the tuned circuit L l C 1 are kept at the same radio 
requency potential with respect to the ground by means of a coup- 

hng condenser C c . 

Condenser C A and Cb of output circuit are sufficiently large so 
as to keep the cathodes of both diodes at the same r.f. ground 
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potential. Resistances R A and R B are of equal value. The Dolaritv 
of voltage across them is shown in fig. 16 (a). P 7 


Transistor discriminator circuit is shown in fig. 16 (< b ). 



Fig. 16 . (£) Discriminator. 

t u„ °P eration : y^hen r.f. voltage is induced in UC % circuit, then 
t e developed voltage E 2 across tank circuit will be applied to the 
plates of the diodes A and B. A rectified current from both diodes 
v i ow in their respective output circuits. Three cases may arise: 

, ^ en * be r *f* voltages Ea and Eb at the plates of tubes A 

a™ 1 }* 1 re ^P, e , ct to £ roun d are equal, the rectified current from 

lodes will be of equal value. Therefore, the direct voltages 

across R A and R B will oe equal. The polarity of voltages across 

a and R b show that when Ea = E b , the net output of discrimina- 
tor is zero. r 

• if Ea > Ed, then voltage across Ra will be greater than 
at across Rd and an output voltage, positive with respect to 

ground, wiil be obtained. 

A wben Ea<E b , the magnitude of voltage across Rb exceeds 
at across Ra and a negative output voltage will result. 

Thus, if relative magnitudes of E A and E B be made to depend 
upon the instantaneous frequency of the input wave, then output 
voltage, as discussed above, will itself vary according to the fre- 
quency variations of input signal. 

We shall discuss below the three cases in detail : 

Case (a) When input /us only centre frequency (i.e . , no modu- 

Circuits C X L X and C?Lo are tuned to centre frequency. The 
phase relations in voltages and currents in the two circuit compo- 
nents at the resonant frequency will be as shown in vector dia- 
gram 17. 

Wuh voltage E x in C X E circuit, the current in inductance 

• ! El by 90 °- The Educed voltage in C 2 L 2t —jwMhi 

wnl be 90 out of phase with I L The current / ' 


is 


flowing 
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through capacitor C 2 produces a voltage E 2 across C 2 which lags 
/ 2 by 90°. Thus E 2 voltage across the terminals of circuit C 2 L t 
leads E x , the voltage across circuit CiL l% by 90°. 





t, 


Fig. 17 (/) Phase relation in discrimi 

nator circuit for case (a). 



Fig. 17 (ii). Representation of rela- 
tive rragni udes E A and E Bt 


It can be seen from fig 17 (//) tnat r.f. voltages Ea and Eq 
across the two tubes will be made up of two components : 

e a =e 1 +^-, 

and = 

Since E A and Eb are equal in magnitude, the output rectified 
currents from both tubes will be the same which set up equal 
potentials across R A and Rb- Therefore, the discriminator output 
will be zero. 


Case (b) : When impressed frequency is greater than centre 
frequency of modulated wave : 

I 

Above resonance, the secondary circuit represents an inductive 
reactance, so that / 2 lags —ju>MI Ll . The voltage E 2 across the 
capacitor C 2 still lags L by 90°, but the phase angle between E t 
and E x is now less than 90° as shown in fig. 18 (/). 


A 2 





Fig. 18. Discriminator phase relations when impressed frequency is 

greater than centre frequency. 
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t , 11 is obvious from fig. 18 07) that E A >E B which means that 
the rectified current by the two tubes will be different and so the 
oltages across R A and R B , being different in magnitude will deve 
lop a resultant positive voltage at this discriminator output 

Since the phase angle between E x and EL depends ut»on the 
deviation of the impressed frequency from the remnant ?reque„™ 
of the tuned circuits, the magnitudes of E 4 and E, will also 9 rare 
inaccordance with the deviation. The output voltage which demnd, 

deviation Sh”- magni, “ d r ° f £ " and & wm aTso fofiow ^e 
in nth of the impressed frequency from the centre frequency or 

quencyrate^ 8 6 ° UtPUt ° f dlscriminator will vary at audio' fre- 


In this case, the secondary circuit represents a 
reactance. Current /, will lead —jwMIr by an annle 
upon the deviation of impressed frequency from cen re 
of modulated wave. Therefore the angle between ? and 
more than 90° as shown in figure 19 (/) As a reS uh E R 
a larger magnitude than E A . J SU t# h 


capacitive 
depending 
frequency 
Ei will be 
will have 







(/) . (ii) 

Fig. 19. Discriminator phase relations when impressed frequency 

is less than mean (centre) frequency of modulated wave. 

vrsit * n cas ® voltage across R B increases in comparison to 
voltage across R A and the output of discriminator will be negative 

Mathematical analysis of discriminator : 

natof 1 'r 2 1 °nH iV ^ eS f, t r he ti ndUCtiVe,y cou P Ied P° rt i°n of the discrimi- 
LfandlV dR ‘ hC resistances associated with inductances 

sed a J he e ‘ m f ’ eqUatlons for the two circuits can easily be expres- 


C • I 



1 w'c. + [ J! '+e(‘vi.~)]/,->A// I =0. 
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and 




I 2 — j(JJ M I ! = 0 . 



Fig. 20. 



Let the centre frequency be co 0 then at operation frequency o j, 
the fractional frequency variation S can be written as 


(J) - to 0 


CO 


0 


or 


CO = COq (1 -j- S). 

Therefore, we can write 

Ri ^ OJ L l — 


...(3) 


tuC l 


R 



1 +^( 1 + 


R 


u>( ) R 1 C 1 (I 



Ri l+jQi{l+*) 


1+sJ 


where 


Similarly 


a - % 


Ri [I+y'Ci (1 + 3 ) — jQi 0+3)"'] 

Ri [l+;Ci-28], 

1 


«oQ R i 


...(4) 

..(5) 


R 2 +7 ( oiLz 


1 


tu 


c 2 


where 


Q< 


/?«o+/e*28) 

QJp Ri __ 1 


4. 

Hence equations (1) and (2) become 

tn / . • a ^ x • x / r • 


/?, (1 -by. 2$Qi)—j<ji u Mh 




and ^(l+y.28 e 8 )— ;«o^/i=0 

From equations & (6) and (7), the expression 
written as 


...( 6 ) 

...(7) 
for /, can be 


- J 


i 


h 


R,_0+j-28.Q t ) 

R iR 2 (1+J.2S. 2^(1 +y- 2-T <97)+ (w 0 wj* r * 


(OqL x 


Dividing numerator and denominator by we get 
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J 


1 


h 


00 L 1 R 1 


(1+/-28.&) 


a> 0 2 M 2 


Ii 


(l+;.28.e0(l+;.2 S.e 2 )+ 

-y<2, (i+/.28.e,) 




...(») 


w h ere =K 2 QiQ 2 ; K being the coupling coefficient. 

^1^2 

Now we also write from figure that 

Ei—ryr 

J°> oQ 

But from equation (8), we can infer that A > /< so that 

/, /i/?i 


A 


joj Q Ci j(*> 0 RiCi 

Qi % U+j.28.Q t ) 


7 


R X U 


.( 9 ) 


(l+j.2S.Q,Xl+f28.Q a )+E z Q 1 Q 2 

Assuming the mutual inductance M to be small, the impedance 
coupled from secondary into the primary circuit may be ignored so 


that 




Rx+jwLi 

If Q of the primary is high, then u >L, > R u due t0 which 

/,«* — 7*. 
jioL x 

The e.m.f. induced in the secondary is given by 

M 

E in d= ±j0)M Iy = ± Ey 

If we neglect the loading effects of the diode rectifiers, then 

• "% £ 


j 


e 2 


o)C% 


Eind 


or 


Ri+j ( 

A 

A(l+./.2ft.6i) 


+ 


aiC.'L, 1 


i? 2 ( 1+7.28.2,) 


because giving j-= K^(L 2 I Ly). 

sign (because and f? 2 are 180° in phase 

e>=^r’ we s " 


Choosing the negative 
opposition) and taking 
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h 

t-i 


jQ i .KV(L./L 1 ) 

^ 1 -(- j . 2o.(7 n) 


Putting the value of E l from equation (9), wc get 


E=j 



K-QzQi 2 


-\-j 26.^!^ 1 -\-j 2o.Q 2 )-\- K^Q X Q 


RiU 

--.( 10 ) 


Ordinarily Qi = Q 2 — Q say Under this condition equations 
(9) and (10) reduce to the following forms 




QS(l+j.28.Q) 


Ei =j 


(1+9-28 Q)“+K'Q- 

KQ 3 


Rih 


..( 11 ) 


Hence 


£2 

£1 


' J[e)- ( 


\-Yj 28 .Q) 2 -\-KQ 

KQ 


r R iE. 


1+J.28.Q ■ 


...(12) 


The discriminator is assumed to be driven by a pentode which 
is a constant current device (CjLj tank circuit is a load lor pentode 
and in a pentode after suitable plate voltage, plate current becomes 
constant and hence /, is constan.). Thus 7, being assumed as cons- 
tant, we can easily infer that £ x varies with 6, i.e. fractional devi- 
ation of operating frequency from centre frequency As E 2 is a func- 
tion of E u output would thus surely follow the frequency vari- 
ation of input voltage 

Further from discussion of discriminator function, we find that 
voltages applied to the plate of diodes A and B are respectively ; 

£^-=| 2 +£„ 


and 


Ed 


E. 


h£, 


Let output voltage developed across R A and P B be F* A and E°b 
If detection efficiency be 7?, then 


so that 
and 

or 


_EE_a == EE_ 

~~ E a E b 
e° a =t,e a 

B~ 


B 


E a n = T]Eg 


E° a = tiE A = T) 


£, + ^ =7j £ i, + L£. 

2 ' 1 1^2 ■£ 1 


and 


vEi 


E°b — V E B = T) 


1 


+Jh 7 ( 4 )' 1 . fly. 


£1 


vEi\l~l§ t 
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vEi l 




KQ 

1 +/• 28. Q 


Therefore output of the discriminator will be 


E°=E° 


E° b 


Ji 


KQ 


Q 


Jik) -i+M 


Putting the value of E\ from equation (11), we get 


E°=nRI g 2 (l+7-2\(2) | 

1 1 u+y.2s.e)H* 2 0 2 i 


V( 




Q 


...(13) 


Which is the desired expression for the discriminator output. 

A plot in E° and instantaneous impressed frequency is shown 
in figure 21 and is called discriminator characteristic. Point to be 



Fig 21. Relation between impressed frequency and output voltage. 

noted is that capacitors Ca and Cb are large enough so as 'to ground 
carrier frequency voltage. They offer appreciable reactance at 
modulation frequency and therefore, voltage developed across Ca 
and C e , i.e. Ea° and Eb° are audio frequency voltages. 

Discriminator characteristic : A relation between impressed 

signal frequency and output voltage in discriminator circuit is 
shown in fig. 21. 
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We see from the curve that for not more than Af frequency 
deviation, detection is linear. f c denotes the centre frequency of 
modulated wave. 

Disadvantages : We see from vector relations that the output 
of di'eriminator circuit is a function of input voltage amplitude and 
frequency variations. When the applied signal consists of a frequ- 
ency modulated wave that also varies in amplitude, the detector 
output will contain undesired components corresponding to the 
amphtude variations as well as the output representing the frequ- 
ency modulation. Thus interference is produced. To avoid this 
difficulty, limiter is used previous to discriminator stage to deliver 
it a constant amplitude input. 

31 8. LIMITER : 

The action of the limiter is to ensure that all variations in the 
carrier ampliiude of modulated wave due to no: e and interference 
are removed and a constant carrier amplitude is applied to the 
discriminator input. 

Circuit for limiter is shown in fig. 22. 



Fig. 22. Limiter circuit. 


Operation : A sharp cut-off tube is used. Plate and screen 
potentials are kept low such that the tube saturates easily and cut 
off is produced Signal is limited on both positive and negative 
peaks. At positive swing effects of current flow in the grid circuit 
limit the amplitude while at negative swing, amplitude is limited 
due to plate current cut-ofl as shown in fig. 23. 

For limiter action it is necessary that input signal must be 
sufficient to produce the desired over-loading effect. It is, therefore 
important that in frequency modulated receiver the preceding stages 
ie. r.f. amplifier and audio-frequer.cy amplifier, must produce 
sufficient output voltage to make the limiter operative. 
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It can be seen from the 
characteristic that if input 
signal amplitude increases 
beyond cut-off, it merely in- 
creases the flat portion in 
the output wave. Thus by 
limiter action a constant 
carrier amplitude of modu- 
lated wave is delivered to 
discriminator. 

A combination of limi- 
ter and discriminator device, 
thus, is capable of satisfac- 
tory detection of frequency 
modulated wave. In next 
article., we shall describe 
another device self sufficient 

for detection process, with- pig. 23. Operational Characteristics 
out the need of limiter. The of Limiter. 

device is simply a modified form of discriminator circuit named as 
ratio detector. 

31 9. RATIO DETECTOR : 

Ratio detector serves as an f.m. detector that responds only to 
the input frequency varia ions because its output depends upon the 
ratio of the voltage across the diodes rather than difference bet- 
ween them and hence the name. 

A phase shift discriminator detector responds to the amplitude 
variation of the input signal which is not desirable. As a result, a 
limiter circuit is always associated with discriminator detector as 
its driving stage. The ratio detector is a modification of the 
discriminator which can be designed as to be unresponsive to 
amplitude modula’ion while behaving in the same way as the 
discriminator. 

In discriminator, output is E°— 

Ef — Ef. Suppose at centre frequ- 
ency, signal input to the discrimi- 
nator develops Ea°—£b°= 4 volts, 
say. When frequency modulated wave 
is input to the discriminator, E A ° will 
not be equal to Eb° ; instead, if E A ° 
increases by certain amount then Eb 9 
will decrease by the same amount. 

Say Ef = 6 volts then Eg °= 2 volts. Fig. 24. (a) 

The output will be £°=6 -2=4 volts. 

Now suppose we increase strength of carrier (r.f ) (which will 
happen if the amplitude modulation is also present) until we have 
=Eb°== 8 volts at the centre frequency. With the same fre- 
quency shifis as above, but with this stronger carrier, the voltage 
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Ea° would rise to 12 volts and E B ° decreases to 4 volts The out- 
put, in this case, will be 

£''= 12-4 

— 8 volts 

It means, with same frequency shift, output of the discriminator in 
the two cases is different. It implies that this circuit responds to 
amplitude variations. We have observed in previous case that 
£ /4 °4 -Eb°= 8 volts, in second case £^ 0 + £n°= 1 6 volts, which is 
possible in this circuit because there is no provision to keep 
E a °-\-E[>° as constant— the on y condition is that E° should increase 
by the same amount by which Eu° decreases. 

However we note that in both the cases the rat ; o of the volt- 
ages Ea° and E n°, that is 

E a °_ 6 _ 12 

£n°" 2 ~4 

or Ea° '• £n°=3 1 

is the same. So if a detector could be made to respond only to this 
ratio and not to the respective magnitudes, then it would be insen- 
sitive to ampli'ude variations The ra’io detector is such a circuit 
which responds only to this ratio and consequently, is unresponsive 
to carrier changes. 

Preliminary requirement of the ratio Detector : We have 
mentioned above in the two cases that Ea 0 j tEb° is different. Had 
it been possible to keep Ea° + Eb° constant ( = 8 volts) in both the 
cases, effect of amplitude modulation would have been elimina r ed 
leaving only the effect of frequency shift (frequency modulated 
wave) at the output. Therefore, in ratio detector circuit, one of 
the diodes is reversed in polarity so that total voltage across Ra 
and R b will be (Ea° + Ed°) instead of (ES-Eb 0 ) and then this 
voltage is kept constant with the help of large capacitor C ( — 8/r . { ) 
and a resistor R combination. The function ot such a CR circuit 
will be detailed later on. hirst we shill explain the function by 
taking a battery E Jb instead of CR combination. 

Preliminary Form Ratio Detector : A preliminaij circuit is 
shown in fig. 24 (b). In this circuit polarity of diode T A is reversed. 
Therefore, total voltage across Ra and Rd will be i Ea° + Eb°). 

Since Ca and Cn are in series directly across E b y the sum of 
their voltages must equal E bb . That is Ea -\- Ei°=L, b . Also, due 
to the manner in which battery is connected to 1 a and 7 b. no 
current can flow around the circuit until a signal is appi.cd. Now 
while Ea 0 j tRd° can never exceed E bb , Ea° does not have to equal 
E b °. In other words, ratio of E A ° to Ed mav vary. The output 
is obtained ac ross Rd and ground. 

When incoming signal is at centre frequency. Ea° — Eu°. When 
incoming signal has frequency greater or lower than centre frequ- 
ency, then due to frequency shift, discriminator action starts and 
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Fig 24 (b) Preliminary form of ratio detector. 

E,\ =£E b °, but Ea°+Eb° is still equal to E bb . Carrier frequency 
voltage is grounded (due to the large values of Ca and Co which 
oner reactance at audio frequency) and audio variations are obtai- 
across R B . Capacitor C„ prevents the rectified d c. voltage in 
the detector circuit from reaching the grid of audio amplifier. 


The purpose of E bb in this preliminary circuit is to maintain 
audio output voltage which is purely a result of frequency modu- 
a |^ signal. E bb keeps the total voltage <' Ea°+E b ° ) constant, 
while it permits the ratio of E a ° to Eb° to vary This condition 
as we have already stated, eliminates the eff;ct of all amplitude 

variations. 


But selection of the value of E bb is difficult. If E bb is chosen 
high, weak signals will be lost ; on the other hand, if E bb is chosen 

quite low, only small audio outpu voltages are obtainable. This 

difficulty is overcome on replacing E bb by a high time constant 
circuit, RC, in practical ratio detector circuits. 

Practical Circuit : The circuit of ratio detector is shown in 

fig. 24 (c). There are two major changes as compared to discrimi- 
nator circuit. 


(7) diode T B has been reversed in polarity so that output 
across R A and R B will now E 0 =E a °+E b 0 . 

(») the output voltage is obtained between points P and Q. 
Q is the centre tap on the high resistance R that shunts the load 
impedance of the two diodes. The time constant, CR, is large 
enough— of the order of 0'2 sec. 


Operation : Since diode Tb has been reversed in polarity, 
current can now flow in the overall circuit — from bottom of 
through T b , through long time constant circuit, RC, through Ta 
and back to the top of Z, 2 . After several cycles of radio frequency, 
C charges approximately to peak value of voltage across Lf 
Amplitude variations due to noise or other interference cause 
very little effect on the charge of capacitor C and voltage across 
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RC circuit remains constant.* This m.ans voltage across Ca and 
Cb or Ra and R n will remain constant i.e. Ea° and Eb' 1 will be 
constant. Thus RC circuit serves the purpose of Ebb • The changes 
in carrier amplitude are merely absorbed by the capacitor. 



EA=E l + E i ’2 

Eg — Ei — £,/ 2 

Fig. 24. ;c) Circuit of ratio detector. 



T 


£l 

1 


Fig. 24 ( d ) Ratio detector circuit quite equivalent to that shown 
in fig. 24 (c) except the use of semiconductor- diodes. 

At centre frequency, say Ea°=Eb° = 6 volts. At frequency 
modulated signal, say Ei>°= 10 volts, then Ea°= 2 volts (since 
Ea°+Eb°= 12 is constant). 

The voltage of point P, compared to point N , is then -f- 10F, 
and voltage of point Q y compared to point N, is +6 volts. Thus 
output will be 


( + 10) — ( + 6)=+4 volts. 

Output voltage : Output voltage in this case will be 


which is exactly half the magnitude of the output obtained in the 
discriminator circuit. 

How the circuit is unresponsive to amplitude modulation : The 


If receiver is tuned to some ether station of higher (or lower) signal level 
then after a number of r.f cycles the time constant circuit RC will gradually 
charge (or discharge; to the new voltage level. Note that due to tuning of new 
Station, r.f. frequen:y will change. 
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additional RC circuit employed at the output terminals helps to 
remove these amplitude variations appearing at the output. The 
time constant RC is kept sufficiently large fof the order of 025 sec) 
C is large enough to have a reactance at the lowest modulation 
frequency of importance that is small compared with the resistance 
R in parallel with Ra and Rb. 

Effect of C is to reduce greatly the amplitude fluctuations in 
the voltage {E A ° ±Eb° =E°) appearing across R. Supposed 
momentarily increases in amplitude; then it will cause a large charg- 
ing current to flow through the diode into C. This represents the 
power absorbed by the diodes from the resonant circuits and so 
causes the voltages that these circuits apply to the diodes to be 
reduced in magnitude. Conversely, if the amplitude of the incoming 
signal attempts momentarily to drop below the average amplitude, 
then C attempts to prevent the voltage E° from dropping by sup- 
plying current that flows from C to R, Ra and Rb- This relieves 
the diode tubes of the necessity of supplying as much rectified 
current as before, thereby increasing their input impedance and 
reducing the loading on the resonant circuits with corresponding 
increase in the voltages they apply to the diodes. Thus presence of 

C reduces the amplitude variations 
tha t would otherwise occur in the 

voltage E° and likewise in the volt 
ages and £ 2 . 

A vector diagram is d r awn in 
the figure 25, which shows the in- 
variance of voltage (Ea —Eb), the 
difference of voltages input to 
diodes A and B , with amplitude 
variations. Vectors Ei and £ 2 refer 
to the case when no amplitude 
modulation is present. E 2 is shifted 

in phase 6 by secondary L 2 C 2 cir- Fig. 25. Vector diagram. 

cuit. The dotted vectors illustrate what happens when the ampli- 
tude of the incoming wave is momentarily increased, while main- 
taining the same frequency deviation. The corresponding vectors 
£/ and E ' are now longer than before but the phase shift <f> P r0 " 
duced by the same frequency deviation is less. This change in ph a s e 
angle is just enough to compensate for the increased length ofth e 
\ectors, and results in the difference (Ea' — Eb') being the same tor 
the dotted system as difference (Ea—Eb)- 

EXPERIMENTS 

Expt. No. 1. To draw the detection and dynamic characteris- 
tics of diode and to determine its efficiency of detection : 

Procedure : Circuit arrangement for obtaining the detection 
characteristics of a diode is shown in fig. 26. A triode 6C5 is usea 
as a diode by connecting its grid with anode. 



Demodulation (Detection) 


1489 


The procedure is as follows : 

(/') Using load resistance 
R of 5 kilohms, vary signal volt- 
age from 1 to 10 volts and note 
rectified current each time. 

(//) Replace 4 kilohms resis- 
tor by 50 kilohms resistor and 
repeat the above process. 

(Hi) Change the capacitor 
C and repeat the whole opera- 
tion 



Fig, 26. Circuit arrangement for 
detection characteristics of diode. 


In figure 27, curves of 
output current to a base of 
signal voltage for different 
values of load but with same 
capacitor value are plotted. 
Detection characteristics show 
that as the load is increased 
the current decreases for 
fixed signal voltage while the 
voltage developed across the 
load increases as it can be 
seen by calculating the pro- 
duct RI. Therefore, for 
square law detection, we 
should have low load and 
high plate resistance, and for 



linear detection we must have Fig. 2/. Detec'ion characteristics of diode, 
high load and low impedance values. 

For the determination of detection efficiency, a line AB cutting 



Fig. 28 Variation of percentage 

efficiency with load. 


Fig. 29. Circuit for obtaining the 
dynamic characteristics of diode. 


OSC/ULArO/f 
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all curves at certain value of plate current I is drawn. Signal volt- 
age E correspond ng to different points of intersection can be cal- 
culated by the relation : 


percentage efficiency 


of detection 



X100. 


A graph of percentage efficiency to a base of load resistance is 

drawn in figure 28. Curve shows that efficiency of detection slightly 
increases with load. 


1 • ^ ; cs of iiiode : Circuit arrangement is 

shown in fig. 29. 

We proceed as follows : 

(/) The voltage (signal) of the oscillator is set to a known 
value and rectified current with zero anode bias is measured. 

(ii) Increase anode bias in steps and take the corresponding 
rea mgs of microammeter till current reduces to zero. 

(ii) Repeat the whole test for other values of signal voltages 

(oscillator voltage). 

Curves of rectified current versus anode bias are plotted as 
shown in figure 30. 



Fig. 30. Dynamic characteristics of a diode detector. 

H'om origin a line OP , called d.c. load line, is drawn having a 
slope corresponding to 1 megohm. The point of intersection Q of 
line OP with curve for signal voltage 20 volts gives the operating 
point. Through Q a line RQ is drawn, the slope of which corres- 
ponds to the impedance, at a given audio frequency, of the load 
resistance in parallel with the audio frequency coupling circuit. 
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This line represents a.c. load line. The permissible percentage of 
modulation can be estimated from the points on this line corres- 
ponding to zero value of rectified current. 

Expt. No. 2. (A) To determine the detection characteristic of 

an anode bend detector. 

( g) jo study the effects of grid condenser and grid leak on 
sensitivity of a cumulative grid detector. 

Procedure: (T) Circuit for plotting the detection characteris- 
tics is shown in figure 31. 

AAfM£7££ 



Fig. 31. Circuit for obtaining detection characteristics of an anode 

bend detector 

We proceed as follows : 

(/) Adjust the grid bias to anode cut off point and apply first 
low anode voltage. 

(ii) Apply the signal and take the readings of plate current 

corresponding to different signal voltages. 

(Hi) The whole test is repeated for one or two higher values 

of anode vol’ages. 

Curves of rectified current to a base of signal voltage for each 
anode potential are drawn as shown In fig. 32. 

From curves we see that for weak signals, the anode bene 



S/6MAL VO/. T4GE //V VO/ TS 
Fig. 32. Anode bend detector characteristics. 
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characteristic are more sensitive at low anode voltages than at 
higher values of the latter. The important effect to be noted is that 
the linear portion of the curve increases in length as the anode 
voltage is increased. This shows that for distortionless detection 
of high signal, high anode voltages are necessary. 

(B) Procedure : The circuit is shown in figure 33, where C 
and R represent the grid capacitor and grid leak respectively. 
Microammeter in anode circuit is shunted by a bypass condenser 
and an auxiliary d.c. circuit to enable the steady anode current to 
be ‘backed-off’. 



O') Starting with low values of C and R , the ammeter in anode 
circuit is backed off to read zero with no applied signal, 

( H ) Now apply the signal and increase it from zero to one 

volt approximately. Rectified current is noted for each setting of 
the signal voltage. 

(Hi) Repeat the test with higher value of grid leak resistance 
R. 

O’v) Again repeat the test with a higher value of capacitance 
C in conjunction with the high value of R. 

Curves of rectified current to a base of signal voltage for the 
different values of R and C are plotted as shown in fig. 34. 



s/gajal /a' t/oirs — *■ 

Hg, 34. Cumulative grid detector characteristics. 
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It can be seen that senstivity is greater for low signal voltages. 
For the same signal voltage, distortion is less when the load R is 
increased. The effect of increasing capacitance is, however, reverse 
i.e., with same signal voltage distortion is increased if capacity of 
condenser, C, is increased 

EXERCISES AND PROBLEMS 

1. Explain the action of a linear diode detector in the reception of an 
amptitude modulated wave. How would you obtain the dynamic chara- 
cteristic of a diode detector ? What information can be obtained from 
them ? Draw the conventional circuit ol a diode detector with A V.C. 

2. Explain the square law and linear methods of detection, giving Circuit 
diagrams. State their relative disadvantages and advantages. 

3. A diode detector is used to detect the amplitude modulated signal, find 
an expression for the time constant of the anode load for which there 
will be faithful reproduction. 

4. Describe the action of the Foster Seeley discriminator circuit for the 
following signal conditions : 

( a ) Centre frequency signals. 

(/.>) Signals above the centre frequency. 

(c) Signals below the centre frequency. 

5. Describe the principle of operation of the ratio detector. 

In an envelope detector circuit, with 7? = 250 kilohms and C= 260 pf plot 
as a function of modulation frequency, the highest value ol modulation 
index that can be employed without introduction ot distortion due to 
inability to follow the modulation envelope. 

6. A carrier voltage of 13 volts r m s. is applied to the linear diode 
circuit The load R is 250,100 ohms and the average current over a 
carrier frequency cycle is 30 p amp. 

(«) Find the ell ciency of detection. 

(b) Fir.d the voltage available for A. V C. use 

7. Tick the correct answer : 

In a ratio detector — 

(/) the linearity is worse than in a phase discriminator: 

(//) stabilization against si naJ strength variation is provided; 

(Hi) the output is twice that obtainable from a similar phase discri- 
minator; 

(rV) the circuit is the same as in discriminator except that the diodes 
are reversed. (Ans. /) 
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BROADCAST TRANSMITTING CIRCUITS 



In this chapter we shall discuss various parts of a transmitting 
circuit. The design of radio circuit largely depends upon the fre- 
quency to be used. In many applications of radio transmission, 
the carrier frequencies utilised cover a wide range. A classification 
of radio waves into frequency groups is given below : 


Table-1 : CLASSIFICATION OF RADIO WAVES 



Abbreviation 

j Class 

Frequenncy range 

Wavelength ran e 

VLF 

^ Very low 
frequency 

10 — 30 kc/s 

300,000-10,000 

metres 

LF 

Low freq. 

30 — 300 kc/s 

| 10,000— 1.000 m. 

MF 

Medium 

frequency 

300—3,000 kc/s. 

1,000— 100 metres 

HF 

High freq. 

3 — 30 mc/s. 

100—10 metres 

VHF 

Very high 
frequency 

30 — 300 mc/s 

10 — 1 metres 

UHF 

Ultra high 
frequency 

300 — 3000 mc/s. 

100—10 cm. 

SHF 

Super higl 
frequency j 

3,000—30,000 mc/s. 

10—1 cm. 


mt ^rference free reception in a given area, it is necessary 
that there should be no sideband overlapping in the transmitted 
intelligence. To avoid this overlapping, transmitting sources that 
simultaneously cover the same area must use quite different carrier 
frequencies. The following Table-2 shows the radio frequency band 
widths covered by different types of signals and the carrier frequen- 
cies at which the signals are commonly transmitted. 

two ty^° r of”tran 0 S m“;e":' he ,ransmissio “ °f information, therr are 
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Table 2.R F. TRANSMISSION BAND WIDTHS ANDCOMMON 

CARRIER FREQUENCIES OF DIEFERENT SIGNALS. 


Signal Type 


Radio frequency 
transmission band 
width 


Typical carrier frequency 


Telegraphy s : gnals 
Telephony signals 
Telephony signals 
Fascimile signals 
Television signals 
Radar signals 


80 c/s. -2 kc/s 
10 kc/s. 

1 50 kc/s. 

6 kc/s. 

6 mc/s. 

2-10 mc/s. 


18 kc/s. -30 mc/s. 

500 kc/s- 30 mc/s. 

88 mc/s- 108 mc/s 
500 kc/S-30 mc/s. 

54 mc/s 2 In mc/s 
200 mc/s-30,0: 0 mc/s 


(/) Radio Telegraph Transmitter. 

(//) Radio Telephone Transmitter (Broadcast). 


The difference between radio telegraph transmitter and radio 
telephone transmitter is that the latter is fitted with modulation 
equipment whereas in former, modulation system is replaced by 
keying system whereby tne radiation of energy is periodically 
turned off and on inaccordance with the characters of telegraph 
code. 


We shall discuss only radio telephone transmitter. A trans- 
mitter is essentially a device for producing radio frequency energy 
that is controlled by the intelligence to be transmitted. 

According to methods of modulation, radio telephone trans- 
mitters can be classified as follows : 

(A) Amplitude modulated transmitter. 

(B) Frequency modulated transmitter. 

(C) Phase-modulated transmitter. 

Class (C) type of transmitter is not of practical importance. 

32 1. CARRIER FREQUENCY REQUIREMENTS OF A RADIO 
TRANSMITTER : 

Few main requirements of a radio transmitter regarding the 
carrier frequency arc being described as under : 

(1) Carrier frequency generated must remain stable at tht 
specified value r To every transmit 1 ing station, specified carrier 
frequency is assigned for operation. Obviously, to avoid the 

interference with the signals of other transmitting stations alloted 

carrier frequency should remain stable. For this purpose master 
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oscillator is used to generate the sub-harmonic of the assigned 
carrier frequency ; the stage of harmonic generators is then emplo- 
yed to achieve that final value of the carrier frequency. 

(2) Carrier frequency should be readily adjustable : In radio- 
transmitters employing crystal controlled master oscillator, carrier 
frequency can not readily be adjusted because this would require a 
change of crystal and hence a subsequent change in the tuning of 
circuits of next stages. If instead, LC circuits are used in master 
oscillator, variation in L or C can serve the purpose of frequency 
adjustment easily. 

(3) Frequency drift should be extremely small : The maximum 

frequency drift allowed in radio transmitters is ±20 c/s for medium 

uave transmitters and about ±'002% for short wave and ultra high 
frequency transmitters. 

If LC circuit is used as tank circuit in master oscillator, then 
to avoid such frequency drifts, it is essential to keep the tank circuit 
in a constant temperature chamber because inductance and capa- 
citance of tank circuit are both subject to variation due to tempera- 
ture changes. * 

wit ^ her ’ “^electrode capacitance of the valve used also varies 

mterelectrode capacitances be very small compared to the total 

electrostatic energy stored in the resonant circuit This requires a 
low resonant frequency value and a higlrcircuit Q. For the reso- 
nant frequency to be low, master oscillator produce low carrier 

£ ?ed“ y ,ht 1 "V mplific , a ' i0 n of harmonic general 

particular transmitter 06 ° f ,hat is »**** “ <■« 

Fr, S of u Ioad with tank circuit also drifts the frequency. 

smalMnd^h \° b H S lT al l^ 1 w 1& essential that coupling should be 

loltZ imnSf 11 gC - Thi$ bUffer Sta ^ iS ©Plated aS l0W 

nL? the 5 rCm f n °? en ‘ Thus this stage ^rves to elimi- 

nate the load effect on plate circuit of master oscillator. 

32-2. AMPLITUDE MODULATED TRANSMITTER : 

by 

mitte?. eSCr,Pt, ° n ° f PartS 1 There are two channels in A M. Trans- 
mitter mduces the^drcuij wherein [u^ qUCncy channel of the frans- 
amphhed and modulated. n tbe carr,er wave is generated, 
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ANTENHa 



Fig. 1. Block diagram of A. M Transmilter. 

(a) Master Oscillator : Figure 2 shows the circuit of a 
crystal-controlled master oscillator. The temperature of the crystal 
is kept constant by means of constant-temperature oven. The 
variable capacitor in the grid circuit is used for minor adjustment 
in the operating frequency. The variable p ate capacitor is adjusted 
to a value corresponding to cross point on the sloped portion of 
plate current-capacitance curve ffig. 2 (b )] which gives a stable-plate 





Fig. 2 .{a) Circuit of crystal-controlled (b) Tuning curve 

master oscillator. 

operation. For plotting this curve, the p ; ale current is measured 

by plate current milliammeter with the variation of capau or m 
plate circuit. The dip in the curve signifies the position where the 

oscillations start. 

(b) Buffer and Intermediate Power Amplifier Stages \ low 
gain (buffer) amplifier serves to isolate the ose.liatpr from the 
succeeding amplifier stages. This amplifier usually employs a 
tetrode. The tube is biased approximately to cut of by a fixed bias 
source and the amplitude of the sinusoidal input vo tage is a Jjs e 
so that it does not exceed the bias voltage. Under these conditions, 
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the load on the oscillator may be kept essentially constant because 
the tube does not draw any grid current. 

Buffer amplifier is followed by an intermediate power amplifier 
^ hich operates as a class C amplifier and designed to give sufficient 
amount of power to the succeeding stages. 

The circuit diagram of buffer amplifier alongwith intermediate 
power amplifier is shown in fig. 3. 


PAPASA T/C 
SUPPPESSO R 


R.F.C- 



SUPPRESSOR 



SMS / 
VOLTAGE 


hW-MMH 


TO THE 

GRID OP PARK 

POWER 

AMPLIFIER 


BUFFER AMPL/F/ER STAGS 


S/AS 
VOLTAGE 


/H7EFPRECM7E 
POiVEF AM^L/E/EP 



Fig. 3. Circuit of Buffer Amplifier and Intermediate Power Amplifier. 

Lndesired or parasitic oscillations are suppressed by inserting 
a small resistance in series with the grid of each tube which serves 
as a damping resistor in an undesired oscillatory circuit formed by 
.he grid cathode capacitance and grid cathode leak inductance. 

(c) Frequency Multipliers: System which are rich in the 
generation of harmonies can be used as frequency multipliers. All 
tl.t single tube amplifiers possess this characteristic due to the non- 
linearity existing in the plate current curve when the signal e.ra.fs. 

are app ie in the grid Therefore one or more intermediate ampli- 

ner employed in r.f. channel will act as a frequency multiplier. 

There are two distinct types offrequen y multipliers depending 
upon whether the distortion takes place in the plate circuit or in 
e grid circuit. The former is known as a plate distortion harmonic 
generator and the latter a:> a grid distortion harmonic generator. 

In the operation of class C amplifier, we note that p ate current 
contains several harmonics of the frequency of the sinusoidal input 
voltage. Thus an oscillatory current will be sustained in the plate 
circun at a harmonic corresponding to which the circuit is tuned. 

Thus the output will be at a frequency equal to multiple of the 
input voltage frequency K 

{d) Final Power Amplifier Stage : The total power delivered to 

18 de f e c rmined b y tbe final stage of R.F. channel. The 
hnal power ampfifier operates at highest power level to increise 
the power output of the transmitting system 

if ic miniating voltage is applied to the final r f. stage, then 

and fin b f f Hlgh L * vel Modulation as shown in block diagram 

power is low, then it is said to be Low Level Meditation. 
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The advantage of high level modulation is that the final stage 
can be operated as a class C amplifier and thus maximum efficiency 
can be obtained. 

The circuit of final power amplifier is drawn in A.F. channel 
with audio amplifier unit. 

(2) A. F. Channel : This section generates the modulating 
signal and amplifies it 

(a) Microphone : It converts sound energy into electrical 
energy. Various type as carbon microphone, capacitor microphone, 
velocity microphone can be used. 

( h ) Audio Amplifier Unit : The amplifier stage is usually a 
pentode voltage amplifier. This develops appropriate amount 
of excitation voltage applied to the grid of power amplifier. The 
audio frequency power is then increased by power amplifier to 
modulate carrier. The following figure 4 shows the complete circuit 
of modulation and modulated amplifiers. 



Fig. 4. Audio power amplifier and modulated amplifier circuits. 

(3) Circuits for Improving Transmitter Performace : 

ti) Negative feed back-circuits are used to improve the perfor- 
mance of transmitter. A portion of modulated output is rectified 
\nd introduced in opposite phase to the original input i.e. in the 
nput of modulating amplifier as shown by doted lines in the block 
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limiting ampUflel rnavT'.^'f n h 5 possibili 'y °r°ver modulation, 
tically reduces the channel c uc * e< ? in ^T 7 . channel which automa- 
excessive. ^ a,n w ^ en l he signal amplitude becomes 

of modulation corripressors are us d to raise the average degree 
tied inrel"5 S ,Toplrr,°illrpo“?r' 5 as Mow° ; transmi,ters a te classi- 

current’ thfoZbomeTlTn.'Xfs a„Ip,ale supply F emP '° yS dirM 
, {b) Al,e ™' ‘"S current operated, in this operation the Ola- 

ment supply JS an alternating current, while plate and ’grid bias 

voltages are supplied By means of rectifier. 

from electromechanic^ d S c P generators nSr and er h' h ^ ^ obtained 

rectifiers. * S enerat °rs, and high vacuum tube 

inserted Jthf^uem tocheT „ 8 „ E „ ,Uipment n Various meters are 

such as plate and grid current merer^f^M^ ^ etails and operations 
mine radiation pattern r>f th s > held strength meters to deter- 

monitors to check up the degree o? modulation™ ^ m ° du,ation 
32 3. FREQUENCY MODULATED TRANSMITTER : 

quencie^above 40 mc/ffor rid ST I ^ W ' de,y USed at fre ' 

F vi t d ay Sys,em and other purposes. 

Generally tw™7p^ bands : 

[I] ™ -ploying phaS modulation, 

£? f Transmitter using reactance tube. 

follows? a ISCUSS first the common features of both the types as 

The re q u ir ed° 1 r a nl nfi 1 1 er°D ovl^r ° ° j? performed at low power level. 

by employing harmonic ^rZ/s ^ T D ' S enerafed 
lifters. ^ tors anc * a chain of class C amp- 

(ii) Class C amplifiers in f m t™ 
after modulation stage because Tree' trans m |U ers can be employed 

due to the distortion rn amD] f,,H! q e nC -ni eViat,ons are *» affected 
(Ul) Harmonic g,neZ“ ar e Tar^ " ^ ampli/iers. 

transmitters by some mean, £ equenc * Aviation. In most f.m 

given modulating sio na i rln < jN uen cy deviation produced by a 

~ ^nai can be made greater than at the 
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medium or low modulating frequencies. This is known as pre-em 
phasis which reduces background noise. 


shall first describe f.m. transmitter employing phase modu- 


32*3-1. PHASE MODULATED TYPE F.M. TRANSMITTER : 

As discussed in the chapter of modulation, if modulating volt- 
age amplitude, applied to the modulator, is made to vary inversely 
as the modulating frequency, the phase modulator output will have 
the characteristics of a f.m. wave. 

. The block diogram of phase modulated type Cm. transmitter 
is shown in fig. 5. 



A/fTHVtt /W /A/KfA>S£ 
^fpO'fA'C V AAO fMPHJSJS 


Fig. 5. Phase modulated type of f.m. transmitter. 

Description of Parts : 

(0 Crystal oscillator, 

(//) Isolating amplifier, and 

(///) Phase modulator and network for inverse frequency. 

The following fig. 6 show's the basic circuit of Armstrong 
phase modulator alongwith the network for inverse frequency. 



Fig. 6. Armstrong phase modulator circuit. 
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Process of Phase Modulation : In Armstrong modulation 
method, phase modulation is produced by special amplitude modu- 

car r °i e r 7n ^ h^'l 6 ° d II 1 f 1 n g V ° ltage amplitude modulates the 

c dded to the carrier. This gives rise to pure phase modulation of 
the carrier provided that the resultiug phase deviation is less than 

Equation for phase modulated wave is 
e = E c sin A 9 ^ sin cu m t) 

— Ec j 0 (A4>) sin a> c t-\-E c /, (A«£) [sin (o> 0 -f w m ) t— sin ((o c —oj m )t] 

+ E a J 2 ( A*) [sin (a> c +2w m ) r+sin (co e -.to m ) 

hp ^t,°r r the P a / ticu,a u r case of A^=0‘5, the values of J n (M) can 
be determined from the curves of fig. 19 (art. 305). These are 

J 0 (0-5)=0 938 
7 1 (U-5) = 0-242 
J 2 (0 5) = 0 030 
J n (0 5)^0 for n > 2. 

The equation for phase modulated wave then becomes 
c-0'938 E c sin <v e t 4-0*242 E e [sin K+o>„)t-sin (<» e -a> m )t] 

. +0 ' 030 E ' t sin ( w e + 2w w )/+sin (a > c -2a> m )t)+... 

« 0*938 E 0 sin a> e r-f 0-242 E c [sin K+ a> m )r-sin K-<)/] 

n ofr l h Q e „ Se u° ad Slde , band components which have amplitude of 
A V J, ! e been neglected. Approximation is more valid when 
<0 5. equation can be further put in the form 


and 


e=0*938 E t 


• A 

sm co e t+Ef?- sin ( We + a, m )/ 


2 


A6 

2 


sin (co 


“> m ) t 


The corresponding equation for a.m. wave is 


...( 1 ) 


E 


sin to c t 


m a 

2 cos 


+ "2" COS \. w e — 0} m )t 


...( 2 ) 


idenficTrprovided ^ '* ' S obvious that two equations are 

Af is made equal to m a , and 

nhai' hvw , ba t 1 dS ° f amplltude raodu, a ted wave are shifted in 
phase by 90 with respect to the carrier. 

phase moHniaf 1, of c on verson of amplitude modulated wave into 
3!s ren^in L d WaVC \ S lllustrated in figs. 7 (a) and 7(b). Vector 
resenUhe Sh 7 volta S e E e , and two vectors BC and BD rep- 

«^^dT^.?3nS“ £C and BD vectors ro,a,e ,n 


CD 


m 


rad. /sec. In amplitude modulated 
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Fig- 7. ( a ) Vector re"^ esentation Fig. 7. ( b ) Vector representation of 

oi an amplitude modulated phase modulated wave obtained 

wave by rotating side bands in fig. 7(a) 

through 90°. 

wave resultant BE of sideband components BC and BD is always 
along the carrier AB. Therefore there will be no phase or frequ- 
ency modulation, i.e., purely amplitude modulation represented bv 
vector AE. 

In fig. 7 (b), keeping the carrier voltage unaltered, sideband 
vectors are advanced in phase by 90°. "Consequently, resultant 
vector AE now differs in phase with unmodulated carrier voltage 
vector AB . Thus a phase deviation ' A^) is produced which is 
maximum when two sidebands are in phase (i.e., along the same 
direction). It may be noted that AE is siightly greater than AB 
and therefore along with phase modulation, some amplitude 
modulation is also present which is small if phase deviation A^> is 

small. 

A circuit utilising Armstrong principle for the generation of 
frequency modulated wave is shown in fig. 6. 

Network for Inverse Frequency : 

We shall first explain how an recombination, shown in fig. 6. 
canbe used as an inverse frequency network. It has been shown 
that if time constant RC (say r = 200 K£l and C=2fiF) is very 
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<arge compared to the interval of input signal, then output voltage, 
e 0 across capacitor will be 


1 


e ° = RC ' Ci dt 


volta^ 6 •' n ^ ,Ut: s *® na * v °l ta ge a sinusoidally varying modulating 


so that 


ei — E m e 


joJ m t 


1 E m e 


JO)„t 


0 


RC 


J^m 


or 


ei 


CO 


m 


RC 


that is, if modulating frequency increases, output across capacitor 

decreases. This output voltage is applied to grids of the two tubes 

shown in fig. 6 through the transformer and phase modulates the 
carrier to produce frequency modulation. 


crvs,^ ? n n f i he c ! rcu,t : The out P uts E 'i and E C2 , derived from 
crysial-controHed oscillator are made to have a phase difference of 

thi of phdse shlft network. E n is applied to the grids of 

shown in fi eS A C( sir^ ected * n symfnetrical circuit arrangements as 

“ “8- ■ o. When the instantaneous potentials of the two grids 

common i Sn ^ ^ ary j n s ^ nc ^ ron ^ sm * tbe r -f- voltage across the 
r z r ^ impedance of both tubes will be zero because the 

then t hp ‘l 11 ’ 16 symmetrical. When the modulating signal is applied 

with r P otent ials of the grids vary at an audio frequency rate 
ith respect to each other. Thus the r.f. voltage, E m will vary 

neri'to^ f W ampl,tude - The instantaneous phase of £ m with res- 
P r _ Th 01 rev< f rse! > ea cb tirne the modulating signal goes through 
incr «ion 1 aa ?Pj Jtu de of E m depends upon the strength of modulat- 
lafor output V ° tage then combine s with E ei to form the modu- 


Fo Z h l PhaSe re J at *° ns among E ms E Cl and the modulator output 
E are shown in fig. 7(c). E C1 and E m are 90° out of phase. Si- is the 



(a) 



(bj 


■c, 


Fig 0 Ph 1 ' , (b) E 0 leading E Cl 

Mg- 7. (c) Phase relation in E m , E 0 and E„. 

stantaneous phase difference between^ and F C1 which is directly 
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proportional to the instantaneous amplitude E m for small phase 
deviation angles As a result, the instantaneous phase deviation 
will be proportional to the instantaneous value of modulating sig- 
nal. Since instantaneous value of modulating signal varies inver- 
sely as the modulating frequency, a frequency modulated wave is 
produced by the process of phase modulation. 

(iv) Pre-emphasis Network : A relatively large amount of 
energy in speech or music is contained in the low frequency port- 
ion of audio spectrum. Since the energy in high frequency portion 
is small, the high frequency components ordinarily produce fre- 
quency deviation far below the maximum allowable value of 75 
kc/s. This causes interference of high energy modulating frequencies 
to be more effective. In order to overcome this unequal distribu- 
tion of energy in audio frequency spectrum, pre-emphasis network 
is used in f.m. transmitters. Pre-emphasis device accentuates the 
amplitude of high frequency components with respect to the low 
frequency components. In figure 8, a simple pre-emphasis circuit 
is shown. 

In the plate circuit of audio frequency amplifier, an inductance 
and resistance are connected in series. 



f ig. 8(a) Audio-amplifier with frequency emphasis. 



Fig. 8 (6) Transistor amplifier with frequency emphasis. 

Since the inductance offers high reactance to hich ,fi»*piency 
components in comparison to low frequency components, the out- 
voltage developed across the series combination of A and R 

will be relatively high for high frequency components. 
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™i«i , z?£ar e ’ eraployed in the process ° f 

at IowSS,?„Vr7 he d ‘ sadva "' a S e of phase modulation is that 

uuw reasonable deviation various staple r»r ” 

are employed in the transmitter S harmomc generators 

26 3 2. FM. TRANSMITER USING REACTANCE TUBE: 

giveJfn fig°9 k diagram of reactance tube type f.m transmitter is 


90’/K4$£ SWF? 


AZACTWCf 
?(/££ 


MODML/fTFO 
OSOL L 47Q 


usm vF 
<$©£*» 


aat&ya/a 


**Q&AL 47//VS 
&6AAI 

r%r* - 

\£+fPMS/S 
\ A/ £ Tty or* 


WOUL4TM 

S/GAAL 


I 



“ irr- — i 


I 


I 


I CQA77?OL SYSTEM FOR 
Ay£A*AG£ /RACY OF~ 

OSCILLATOR 7 m </&£ 


| 

I crystal 

oscillator 


[ 



•• • « w 

Fig. 9. Block diagram of f.m. transmitter using reactance tube. 

above^tran'smitter^^ 0111 ?* arts " ^ ave described some parts of 

audio frequency amnlifi”' 0 ^ artl £ ,es ’ eg. pre-emphasis network, 
in brief : ^ ^ *^ er ' ^ ere th 1 " 66 systems are being discussed 

work 'in^Tv^vinnc*^ 'r - f ,r £ u ' t: Thoueh we explained this net- 

previous article but here we shall explain it in detail. 

tained^rfhioh a re ' at '. ve ly small amount of energy is con- 

high freaue nr v ency portion of audio spectrum. Since these 

frequency devLtm mi f 0ne i ntS h ,? ve sma11 amplitudes, they produce 
7 5 kc/s Conseaupntii/ r »h SS * han . ,he maximum permitted value of 

t^Sssr^^ssSJS’gJ ?'h' hese d hish r dl " a ; 

which are iimfor^N, a J e, ? t,ve to the tube and circuit noise 
by the channel Therer Stri ^ Uted - over tfle ent ' re spectrum occupied 

fhese freauwo es i,, ™ k '“ "? pr< ? ve si S nal »' 

9 P m Phasis circuits are used to accentuate their 
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amplitudes. At the receiver this emphasis on amplitudes is 
removed to restore the original amplitude with the help of de- 
emphasis circuit. 


The pre-empasis circuit may use either RL or RC circuit as 
shown in figs. 10 {a) and 10 (6). 



Fig. 10. (a' (b) Pre-emphasis circuits. 

The transfer ratio in case of RL circuit is eiven by 


1 


E 0 _ ja)L __ 

E'R+jcjL l+ R 


jcoL 


1 





1 + 

where is operating frequency. If reference freouencv (designed 
value' 


R 

0,1 “J L* 


then 


E 0 

E: 


1 


r j\'+m 



tan 


OJ 


-(I) 


For RC pre emphasis circuit, 


Eo 

Ei 


R 


1 


1 + jic 1 + j“CR 

1 



1 + 


uo* 



tan 


-i 


1 


) 


ojCR / 


1 


If reference frequency «>i— 
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The value of reference frequency is chosen as 

— =75 /ix sec 

OJ t 

/i = 2100 c/s. 



^-=2100 c/s, the transfer ratio in case of both 

2 tc 

the circuits is 



But if /=21,000 c/s, then 

E 0 

Ei 



Therefore for/= 


that is, for frequencies equal to 21 kc/s or above, the output vol- 
tage is almost equal to input voltage, whereas for 2'1 kc/s output 
was only 707% of input voltage. Similarly it can be seen that at 
still lower operating frequency, say 021 kc/s, output voltage E 0 is 
only 10% of input voltage In other words only high frequency 
components are relatively emphasised. 

(ii) Reactance Tube and Modulated Oscillator : The method 
is to control the frequency of an oscillator by the modulating vol- 
tage with the aid of reactance tube. 


We know that the frequency of a tank circuit depends upon the 
reactance of its components. So if we couple some other reactance 
which varies with modulating voltage with this tank circuit, then 
the frequency generated will vary with coupled reactance and 
hence with modulating voltage. The output wave will be then 
frequency modulated. 


The reactance tube is a pentode which shunts the tank circuit 
of an ordinary r.f. oscillator. The pentode draws a reactive current 
that is varied inaccordance with the modulating voltage. This 
reactive current has an effect equivalent to shunting a reactance 

across the oscillator tank circuit and so affects the generated fre- 
quency. 


Refer to circuit 10 (c). Resistance R is much smaller than the 
reactance of C. By means of RC phase splitter, the voltage bet- 
ween grid and cathode, Egk, of reactance tube is made 90® out of 
phase with E Bk , the plate cathode voltage. Consequently, pl^ e 
current I B y will lead E Ple by 90° which happens in the case of capa- 
citive reactance. Thus the action of reactance tube is equivalent to 
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shunting a capacitive reactance between the plate and ground of 
oscillator tank circuit. Now in order to obtain the frequency 

fteacfajTce fu6e — A*-Oscitfofor •>] r.fc. 



Fig. 10 (c) Reactance tube ar.d modulated oscillator. 


modulation, modulating voltage, e m = E m cos a> m ( , superimposed on 
r.f. voltage, is applied to the control grid of the tube. The oscil- 
lator frequency voltage E g k between grid and cathode is given by 




resulting plate current is 



• f gk — gm • 




Since R ^ 



, we get 


Ep k 


Equivalent capacitive reactance is 

Ipk co. CR gm 



equivalent capacitance is 



CR gm- 


Thus the capacitive reactance varies with g m , the transconduc- 
tance of the tube. When a modulating voltage is applied to the 
control grid of the tube, this will vary the g m of the tube which, in 
turn, varies the equivalent capacitive reactance and hence the ins- 
tantaneous frequency of the oscillator. 
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(iii> Control System : (a) R.C. A. Method : Refer to fig. 9. 
inis system comprises a large number of devices as mixer, crystal 
oscillator, discriminator, low pass filter, and d.c. amplifier. 

The details of each device can be read in their respective chap- 
ters Here we shall explain the principle of operation of the system 
as a whole. J 


We require that the transmitter must have correct carrier fre- 
quency assigned to it. The control system i> employed to correct 
tor any deviation from its assigned frequency value f{. 

The output of a crystal oscillator which generates the stable 
^requency f 0 is applied to the mixer alongwith the output drawn 
from frequency-modulated oscillator. The mixer then combines 
both to give a resultant deviation /*=(/>- fi). This output of 
mixer is then applied to a phase shift discriminator, the centre 
frequency of which is f d . Therefore, i f/} is correct then fd~{ / 0 — /<) 

will not develop any d.c. output across discriminator. But if 
transmitter is not operating at the assigned value of frequency, 
then will have different value than f d and d.c. component 

will be developed by the discriminator at the output. This d.c, 
output with polarity depending upon ( / 0 — /< ), after suitable ampli- 
fication, is applied to the control grid of reactance tube in such a 
way as to modify the frequency of the oscillator to attain the assig- 
ned value of frequency. Any variation of modulating frequency is 

prevented by low pass filter from being transmitted totbereaet- 
ance tube. 


(b) F. C. C Method : Refer to fig. 10 (d). 

In this method, crystal oscillator operates at the frequency of 
master oscillator (say 4 mc/s). The same subharmonic (say 8 th. 
i.e. fOO kc/s) of frequency master oscillator as well as that cf 
crystal oscillator are fed to a balanced phase detector which com- 
pares the phases of these two voltages of almost the same fre- 
quency. The output d.c, voltage of phase detector is proportional T 
to phase difference of these two subharmonicc. If there is no phase 
difference between them, no d.c. voltage develops. A slight change 
in the frequency of transmitter changes the phase of its subharmonic, 
resulting in a phase difference with crystal oscillator frequency 
subharmonic. Consequently, d.c. voltage is developed at t he out- 
put ot phase detector. This d.c. voltage is fed to the grid of the 
reactance tube ard it changes the master oscillator frequency in 
such a way as to make it coincide with crystal oscillator frequency. 


(c) Bell Laboratory Method : Refer to fig. 10 {e). 

In Bell Laboratory Method crystal oscillator operates at a 
subharmonic of the master oscillator frequency. The output or 
crystal oscillator and subharmonic of master oscillator are then fed 
to stabilizing modulator. If frequency drift of master oscillator 
(carrier frequency) is zero, modulator output is zero but if carrier 
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Fig. 10(d). Reactance tube b INI frensminer usinu FCC method 

for frequency stabi isation. 
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frequency is changed (drift f rom its assigned valueWh.n m 

tude of frequency drift, V two vXges ? e 

two phase stator windings of an am P hfied and fed to 

ting magnetic field. The sense of rotation Creating a rota * 

rotor which is coupled to Ihe Zft of nmi deS ‘ r - d Val J e - The 

bring back ihe .runs 2ff - 

32 4. COM PAWSO(j of p m and a M S sys ^ s 

basic differences^be^weenTmpmude SySt j^ s . is obviously due to 
modulation as briefed below : P dC modulatIon and frequency 

modulation of carrier gives^rfsV ^ tUde moduIatlon wherein 
frequency modulation produces a large 2h° ne f pair ° f sidcbands > 

frequency. ratI ° and are centered about the carrier 

system ^is much wide* oa&ccount^^ ' ^ bandwith in FM 

bandwidth of 2U0 /tc/j is reo^iirpw^r? 6 ^ 311011 ^c/s a channel 

casting where audio signal band" ?? tbe ? ther hand » in broad- 
width is only lo£" J 5 Con^ 16 t0 2tM lbe band ‘ 

accommodate sufficient number^f S 10 system ,n order t0 

spectrum and to have nrorv-r i cbai ] n els 1Q a given frequency 
opted between 88 and i 08 nic/s ^ CtlV,ty ’ carrier frequency are 

intelligence is contained S0Urce : Jn A ^ wave 

level ol sideband frequencies inrrenf S ' -T he am P ,uude and P° wer 
consequently an increase in m r j 3s , es - Wltb P ercent modulation and 

power content of mod u , a ted wa £*??■ ,CVeI 3,50 iDCre3SeS th<? 
from the modulating signal soi^rJ tnT h ' S eX ' ra P° wer is derived 

of the wave remains the same the modu, ation, power content 

supplied from the modulaw’ or It? ? Poetically no energy is 
the carrier. ® an y °ther source for modulating 

further, since F\f wave non l. . 
without distortion their ^ ?? am plified by class C amplifiers 

stage of FM transmiu er which ren^ * 3ffec,ed in a 

power. The modulated wave is then L modu,a . in S s, S nid 

amplifiers of the transmiuer But' h! a ainp ,. lfie J (I by last sta S e class C 

requires considerable omZcm 0? ,' 8S ‘ P ° Wer S,a * e wWcb 

fivl Distnrtinn • t m me modulating source. 

may arise due to over mo^ul^o!!^ 6 I nodu ' a! ' on system distortion 

ation. Therefore modulating voltage 
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amplitude should nA exceed carrier voltage amplitude. There is 
no such limitation in FM system and a distortion fiee modulation 
is obtained. However, in FM system frequency deviation Af should 
not exceed carrier frequency which is usually the case. A maximum 
frequency deviation of 75 kc/s is arbitrarily fixed so as to have 
transmission free from noise and interference with adjacent 
channels. 

(v) Fidelity cf Reception of Signals : FM systems reduce 
the disturbance arising due to noise and interference of different 
signals Thus due to suppression of circuit and tube noise, a clear 
reception is obtained in case oi frequency modulation. 

Also in A broadcasting the bandwith of a channel is 
directly proportional to highest frequency in the modulating 
signal. At present since a bandwidth of 10 kc/s is assigned to each 
AM broadcasting channel, the highest modulating frequency used 
is only 5 kc/s. On the other hand, in case of FM system, if 
deviation ratio is large, bandwidth is practically independent of 
modulating signal so that all the significant sidebands will lie 
within 200 kc/s bandwidth that is assign d to FM system. 

( v/ ) A oise and interference reduction : The most impurtant 
advantage of FM over AM system lies in the substantial reduction 
ot noise and interference effects. This has been discussed in the 
next article. 


32 5. NOISE AND INTERFERENCE REDUCTION IN 


FREQUENCY MODULATION SYS1EMS : 

The frequency modulation systems are preferred because of 
their ability to reduce the disturbance arising due to noise and 
interference of different signals For this purpose they are pro- 
perly designed and operated in the suitable way. 

Suppose the noise voltage E r . is smaller than signal voltage E s . 
When E n is superimposed on E 9% the amplitude of the resultant 




voltage varies between 
(£,+-£„) and (E*-E n ), while 
phase of resultant voltage 
relative to E 8 oscillates bet- 
ween 8 = + sin -1 E n /E s as 
shown in figure (11). Thus 
the resultant wave is modul- 
ated by the noise both in 
ampli ude and phase. 

Consequently, at the out- Fig. 11. Superimposition of 

put of the receiver, the noise noise over signal, 

will appear. To prevent this noise from receiver appreciably at 
the receiver output, we adopt the tollowing ways : 

(/) In the frequency modulated receivers a limiter stage is 
employed prior to the discriminator stage. Limiter delivers a 
constant amplitude input to the discriminator and t us amplitude 
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fluctuations due to noise are rendered ineffective. Instead of 
limiter discriminator, we can also use ratio detector. 


(ii) By employing limiter or ratio detector, appearance of noise 
in the receiver output through amplitude fluctuation is checked but 
it still can appear through its effect on phase. To check the noise 
*o appear in the output due to the latter effect, a frequency modu- 
lated wave with appreciable frequency deviation (Af) is transmitted 
so that, for full modulation, modulation index (m,) due to signal 
is large compared with unity. For example, we consider a signal of 

1 kc that produces a frequency deviation of 75 kc then modulation 
index of signal will be 


{.rn s ) f -= 


Af 15kc 


U 

15. 


kc 


While with E m < E $ a noise voltage half as large as the signal has 
modul tion index 



so that phase deviation produced by the noise will be only 

05 

7 *, 0066 times as great as the deviation produced by the signal 


Tnat means noise weaker than signal will be sup pressed completely. 
It is obvious that greater the frequency deviation Af, \ more will be 
me value of (m,)/ and ^ence greater is the extent to which the 
noise is suppressed. While higher the modulation frequency f m . less 
will be the value of ( m , / and hence smaller is the extent to which 
the noise is suppiessed in ordinary speech, higher frequencies 
are relatively weak and so frequency deviation produced by them 
is small. Ihis causes the reduction in modulation index of the 
signal and thus noise interference became appreciable at high 
modulation frequencies. To avoid this noise interference and better 
reproduction ot high modulation frequencies, their amplitude 
before modulation at the transmitter is increased by employing a 
pre emphasis network. Wnen noise at some instant during trans- 
mission exceeds the signal voltage, the desired signal is almost 
suppressed. 


BROADCAST RECEIVING CIRCUITS 


Receiving devices are those which comut ihe nansmitud 
radio waves into perceptible signals. Based on modulation picccss, 
the receiving ciicuits aie of two different types : 

{A) Amplitude-modulated (a m.) receivers. 

( B ) Frequency modulated (f m.) receivers. 

The performance of a radio recei\er is dcteimined by means 
of certain characteristics. Before discussing a m. and f.m. receivers, 
we shall lirst describe some important ch-iracteristics of radio 
receiver on which these receivers are rated. 


32 6-1. CHARACTERISTICS OF RECEIVERS : 

The important cha acteristics of receiver-, are sersitivity, 
selectivity, fidelity, noise figure, described as follows : 

(a) Sensitivity ; The sensitivity of radio receiver is that 
characteristic which determines the minimum strength of signal input 
capable of causing a desired value of signal output. Therefore, 
expressing in terms of voltage or power, *ensiiivity can be defined 
as the minimum voltage or power at the receiver input for causing 
a standard output. 

In case of amplitude-modulation broadcast receivers, the 
definition of sensitivi * y has been star dard'sed as “amplitude of 
carrier voltage modulated 30 per cent at 400 cycics, which when 
applied to the receiver input terminals through a standard dummy 
antenna will develop an output of 0 5 watt in a resistance load of 
appropriate value substituted for the loudspeaker”. 

(b) Selectivity: The selectivity of a radio receiver is that 
characteristic which determines die extent ;o which it is cep able of 
differentiating between the desired signal and signals cf otlur 
frequencies . 

(c) Fidelity : This is defined as the degree with which a sys- 
tem accurately reproduces at its output the essential characteristics 
of signals which i impressed upon its input. 

(d) Stability : It is a measure > f the ability of a radio r< ecivei 
to deliver a (instant amount of output for a given period of time 
when the receiver is supplied with a signal of cans tan! amplitude arid 
f requency. Instability of receiver arises due to variations in output 
voitage of power suppjy unit, temperature variations and mechani- 
cal imperfection s. 

(e) Noise figure and signal to noise ratio : Noise figure is a 
measure of the extent to which the noise appearing in the receiver 
output in the absence of a signal is greater than the noise that 
would be presen* if the receiver v ere a perfect receiver from the 
point of view of generating Uk minimum possible noise. I he noise 
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power that may be received without 
be.ng drowned out by the noise. The noise figure is expressed in 

decibels or as a power ratio. The larger the noise figure, the 
noiser the receiver. 


Signal and noise can be measured and compared in terms of 
r.m.s. voltage or current, or in terms of power, and the ratio of 
signal to noise can be expressed in decibels. For satisfactory 

programme, a signal to noise 

latio of 40 decibels is necessary. 


32 6 2. EXPERIMENTAL DETERMINATION OF RECEIVER 

CHARACTERISTICS : 

, . " - measurement of receiver charac- 

cristics is shown in fig. 12. We use here an artificial signal io repre- 

sent the vc liage that is induced in the receiving antenna. This 

artmcial signal is applied through ‘dummy’ antenna, which in 
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€ a /navy 4 n fern a 
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Ta out pat 
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Fig. 12. Arrangement for the measurement of receiver characteristics. 

association with internal impedance of the signal generator stimu- 
lates the impedance of the actual antenna with which the receiver 
is to be used. The receiver output is determined by substituting the 

lesistance load of proper value for the loudspeaker and measuring 
the audio frequency power. 

(a) Sensitivity : Sen 
silivity is determined bv 
impressing different r.f. 
voltage in series with a 
standard dummy antenna 
and adjusting the inten- 
sity of input voltage until 
standard output is ob- 
tained at resonance for 
various carrier frequencies. 

Sensitivity is expressed in 
micro-volts. A sensitivity 
curve is shown in fig. 13. 

Selectivity : Selectivity is expressed in the form of a curve 
a gives the carrier signal strength with standard modulation that 



400 /coo 

meec/Gvcy dc 


ig 13. Sensitivity curve. 
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is required to produce the standard test output plotted as 
tion of cycles off resonance of the test signal. 


a func 


The method of obtaining the selectivity curve is as follows : 

The receiver is tuned to the desired frequency and mutual 
volume control is set for maximum value. At standard modulation 
the signal generator is set at the resonant frequency of the receiver’ 

frequency of signal generator is varied above and below th ■ 
frequency to which the receiver is tuned. For every frequency th- 
S'gnff generator voltage, applied to the receiver input, is adjusted 

plo^ted^firH:^ USt ° UtpJt fr ° m tha reCSlver ' The dataware 



*/LOcycL£S off fit salves 

Fig 14. Selectivity curves. 


(c) Fidelity : Fidelity is the term expressing the behaviour of 
ceiver output with modulation frequency of input voltage. To 



A/odvfoft/tff fretyuevey c/s 

Fig. 15. Fidelity curve. 
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obtain a fidelity curve, the carrier frequency of the signal generator 
is adjusted to resonance with the receiver, standard 400 cycles 
modulation is applied, the signal generator carrier level is set at a 
convenient arbitrary level and the manual volume control of the 
receiver is adjusted to give the standard test output. The modula- 
tion frequency is then varied over the audio range, keeping degree 

of modulation constant. A graph is then plotted in the ratio of 

actual output in volis to the output at 400 c/s against modulation 
frequency as shown in fig. 15. 

(d) Noise Figure : 1 he noise figure of receiver is best 

mca.ured with a source of a random noise such as temperature 

limited diode. The noise generator and dummy antenna are 

connected but the noise generator is not yet tuned on. The noise 

output power P x of i. f. amplifier at this stage is measured. Then 

tune on t e noise generator and increase its output until the noise 

output of the i. f. amplifier has increased to 2P V Note the space 

current / of the diode. It can be shown that noise figure of the 
receiver in decibels is 

10 log J0 (20//?), 

where R is the resistor through which the noise current flows. 

(c) Maximum Undistored Power Output : This is determined 

by increasing the output in successive steps and measuring both the 

power output and the percentage of harmonics. The maximum 

undistorted output is the least power output which contains a total 

r.m.s. harmonic voltage content of 10 percent of fundamental 
voltage. 

(f) Signal to noise ratio : Noise figure does not give signal 

to noise ratio of the receiver output after detection and audio 

amplification but it simply represents a merit of the actual receiver 

as compared to an ideal receiver having minimum possible noise. 

Signal to noise ratio is determined by equivalent noise band input 
(e.n.s.i.) test. 

The procedure of measuring e.n.s.i. is as follows : 

(0 Select a convenient carrier level of about 100 db, (10/*F) 
and say it C E,) db . 

(ii) With this carrier applied without modulation, measure 
the r.m.s. noise voltage delivered by the receiver and say this Ef. 

(Hi) Switch on ^00 cycles 30 percent modulation and inser- 
ting *00 cycle band pass filter in the output circuit of the receiver 
(which will remove all noise practically), measure the r.m.s 40J 
cycles output, say this E,'. 

The e.n.s.i. can be computed from the following formula : 

( En)db — (Es)dJ + ( T \ +10. 

\£n J db 

In general the signal to noise voltage ratio at the receiver out- 
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signal to noise voltage ratio 


rut can be expressed in terms of E„ according to the relation 

- 

Eu 9 

Uon er res^eaitTv a n a f e ^ he Carn ‘f r amplitude ^ degree of modula- 

°, n0lse ratl ? is desirc <i. The relation for A. 
consiaering general case can be put in the form 

E n =m a E, j in nV, 

E n , E 3 being in microvolts while E n ' and E,' in volts. 

(g) Hum measurement : Alternating power freemen v currents 

Humori C h r,iL hiCh be Said “ a ,0 " e ^ -0 cvcle q s U fu"nd y a m emai S 

modulation n h !l° r - f - ' npuc t0 'he detector. Hum produced by 

hum” the carrier in the receiver is called “modulation 


serve^bv^" 1 ^ oUa S es P resent in the receiver output can be ob- 

will miSfvT ° yi !J g SqU t- are ,aW measurin S instrument. The result 
uaj y depend on the setting of manual volume control. 

327. FREQUENCY CHANGING OR CONVERSION : 


f In the reception of radio signals, better response is obtained if 
frequency of the incoming signal is changed to some lower radio 
frequency value (without affecting modulation envelope). This 
lower value of frequency is termed as intermediate frequency and 
process of changing the frequency is called heterodyne action or 

mixing or beating. There are two types of ways of achieving this 

conversion. 


32 7-1. SINGLE ELECTRODE MIXING : 

In this process, signal voltage as well as locally generated 

oscillator voltage are applied at the same grid of mixer tube as 

shown in fig. 16. When the two voltages are applied to the same 

gnd, mixing action is achieved through utilizing the square law 

plate current-grid voltage property of the tube. In this process of 

fixing, the important property is conversion transconductance 
denned by 



where /„ is the plate current at intermediate frequency and E rf is 
the signal voltage at the signal frequency. An expression for it can 
be deduced as follows : 


Square law conversion theory : 

Let the plate current grid voltage characteristic of the detec.oi 
follow square law so that a.c. plate current is given by 

i v =a k eg+a t e g 2 . 
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* 


Fig 16. Single electrode mixing. 

where a, and <x 2 are constants and e g is the total a.c. voltage applied 
at the grid and is given by 

e g = E c (1 -fm„ cos to m i) cos a) c t+E 0 cos a> 0 t 

where first teim on right hands'de refers to modulated signal input 
and second term with subscript 0 refers to the local oscillator vol- 
tage. Putting e g in expression for i p , we get 

b~ a i [E, (1 cos M m f) cos to c /+ cos a >„/] 

+ a 2 [E c (1 + /Tia cos oj m t ) cos w e t 4- E t cos <V ] 2 

Terms with coefficient a, are of no use in mixing action as they 
refer to the linear region of characteristic, we can write 

h = a 2 [E c (1 +m 0 cos a > m t) cos u> e t+ E 0 cos w 0 t] 3 

— fl 2 [ E c * cos 2 u> c t+E„ 2 cos 2 oj 0 t + E e 2 m a 2 cos 2 a> m t cos 2 w e t 

+ 2 E, 2 m a cos oj m t cos 2 a> c t 

+2 E e (1 -\-m a cos co m t) cos w c t E 0 cos a> 0 t] 

=a 2 [ES cos 2 aj't+Ef cos 2 c o 0 t 

m z F 2 

+ — *- COS 2 (co c + co m ) t 

. Ef 

H 4 — cos 2 (c o e -~tu m ) t 

+ ni a E c 2 cos cu c t cos (co e -| -to m ) t 
+ in a E c ~ cos u> e t cos (co c — co m ) t 
-4-2 E c E 0 cos co c t COS a ) 0 t 
+ rn a E e E 0 COS a ) 0 t COS (a> c + a> m ) t 

+ m a E C E 0 cos co 0 t cos (co c — oj m ) t] 

The resonant circuit in the plate of the mixer tube is tuned to the 
difference frequency (o > 0 — a> c ), called intermediate frequency and it 
rejects all other frequency terms except those that are very close to 
( w o Thus neglecting all terms in above expression except 

those close to (cu 0 — cj c ) j we get 
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ip-di [E C E o cos (tu 0 — oj c ) t 

“Hi m a E c Eq cos (cd 0 — w c — w m ) t 

dlaE e E 0 CJS (o»q — U) 0 /] 

Putting w 0 — w e =wi, the intermediate frequency, we get 

ip =a i [E c E q cos m a F c E u COS (at,- — cu m ) t 

m a E-E^ cos (a»i -|- oo m ) r] 
=a. z E e E 0 [l+m a cos aj m t ] cos a ></ 

=I if cos out ...( 1 ) 

where I if is the amplitude of intermediate frequency component. 

The tuned circuit is adjusted to have a bandwidth of 2a> m centred 

about the intermediate frequency oh. Then conveision transconduc- 
tance is given by 

_ ■ 

E c (1+/M„ COS W m t) ...(2) 

If the tuned circuit primary has impedance R t at resonant fre- 
quency a>,, then output voltage across tuned circuit is 

E if =I if R t 

= a 2 E c E 0 (1 + m„ cos uj m t) R, 
and the instantaneous value is given by 

ei/=Eif cos cD.r 

- =a t E c E 0 (1 +m a cos tD m r) R t cos cd,;. ...(3) 

Obviously, as represented by eq. 3, carrier frequency is changed 
from cd c to oh but the modulation characteristics remain the same, 
(same modulation index and modulation frequency). However, it 
may be noted that as amplitude of output wave, E. f , now includes 
E e as well as E 0 , square law heterodyne action provides an inherent 
amplification. 

32 7 2. TWO ELECTRODE MIXING : 

In this process signal voltage and the oscillator voltage are fed 
to tw o separate electrodes of the tube and mixing action takes place 



Fig. 17. A Pentagrid Converter. 
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TWaf h -H ,eCtr ° n coupIing Le - cou pling through electron stream 

rnh1s 8r tv d De°of V m- e - r ’ trio ^ e ' hexocle converter etc. are the examples 
A . | h n of mmng. A pentagrid converter is shown in fig 17 

curren t/ cli/r ^ COntroi fhe total cathod e (space) 

lohe r a °rid S r T fr °"i ? ,h0 H ^ a ‘ S' id <?. U ofil 
passage of ihp 3 fr r ^. ugh ^ 2 - The potential of grid G 3 controls the 

fraction returnp^^'T th •!, electron stream towards plate and the 
traction returned back to grid G t , as is evident from the curves in 

fig. 18 which depict plate current i„ as function of eg 3 for various 

va ues of e gl . Since for all curves eg 2 is constant and eg x is constant 

e^aoc/Piafe vo/foge 



30‘4 I ip/ic 


Fig 18. Characteristics of Pentagrid Tube 6SA7 
for a single curve, cathode current i c , is constant for each curve. If 
ip/h is plotted as a function of eg 3 then for all values of eg v a 
single line (dashed in figure) is obtained which shows that i P [i e is a 
function of eg 3 and independent of eg v Mathematically, 

a i+ b i e g3 

where a x and b x are constants. 

Suppose i a -eg , characteristics, for constant screen grid voltage, 
ate straight lines over a considerable range of values. Then we can 

write 


r 

_p 

ic 


ie — a 0 -\-b 0 eg 7 

where a 0 and b Q are constants. 

From eqs. (1) and (2), we get 

iv = («i + b x eg 3 ) {a 0 +bjgJ. 


...( 2 ) 
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Further from fig. 17, 

e S l = ~E l -{-e 0 =—E 1 -\-Eo cos cj 0 t 
a nd eg 3 = —E a J r e 3 — — E s +E c (l-fm a cos ov m t) cos w c t 

= —E 3 +E c ' cos w e t. 

Therefore 

h~[°\+bi (—E 3 +E e ' cos u) c t )] [a 0 -f b 0 {—E^Eq cos cu 0 f)] 
= z ['4 1 +b 1 E c ' cos co a t] [^o+^o^o cos w 0 r], 
where A 1 =a 1 — b l E 3 and A 0 =a 0 -b 0 E v 

The above expression can be further simplified to 
ip—^o^i~i-b l A 0 E e ' cos co 0 t-\-b 0 AxE a cos io 0 t 

A-b^aEc E 0 COS OJgt COS aj 0 t 

= + A 0 E/ cos ajgt J r b 0 A 1 E 0 cos cdJ 

+ £ b 0 b 1 E^Eg cos (c/j 0 — o> e ) t 
+ i b 0 b 1 E 0 E o l cos (ai 0 +cu,,) t. 

Therefore, plate current consists of frequencies a> 0 , cuj, 
(w 0 — oj c ), and fajg+Wo). Since resonant circuit in the plate circuit 
is tuned to the difference frequency (w 0 — a» c ), currents of all other 

frequencies will be rejected by the circuit. Therefore the term of 
interest will be 

Ip ^ bgbjE 3 Eg COS (ci>0 O t j) t 

— lit cos o»,- / ...(3) 

which is same as eq. (2) of art. 32 - 7-l obtained for single electrode 
mixing. The conversion transconductance in this case will be 


_change in plate current at difference frequency 
^ cn change in signal grid voltage ’ 

for constant plate voltage. 

If signal voltage changes from zero to E c ’, the change in plate 
current at difference frequency is /,/. Therefore conversion trans- 
conductance is 





£ bab^EoEc 
Eg' 


= J bubiEo ...(4) 

which predicts that conversion transconductance is proportional to 
oscillator grid voltage and increases linearly with it. However, 
there is a definite upper limit to g cn . As E 0 is increased, a point 
reaches when the negative swing of voltage draws the plate current 
to cut off so that any further increase in E 0 is inoperative in increa- 
sing gen • Moreover large positive oscillator voltage also gives rise 
to damping to the source of oscillation. 
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32 8. AMPLITUDE MODULATED RECEIVERS : 

(A) TUNED RADIO FREQUENCY RECEIVERS 

(Straight receiver) : 

In r.f. receiver, selectivity and r.f. amplification are due to 

the use of selective circuits and tubes functioning at the frequency 

of incoming signal. The t. r. f. receiver uses two or more tuned 

circuits which are usually adjusted simultaneously by a single cans 
capacitor tuning control. ° 

The circuit diagram of a fi e tube a.c. operated t. r. f. receiver 
is shown in figure 19. The circuit uses two stages of tuned r. f 
amplification, a biased detector, one stage ofa.f. voltage amplica- 
tion and one stage of a.f. power amplification. It is designed to 
provide : 

(a) sufficient selectivity for the reception ot an local stations. 

( b ) sufficient volume. 

(c) good fidelity, 

( d ) high signal to noise ratio. 

(tf) A. F. Amplication Stage : To obtain sufficient signal 
strength one or more a f. amplification stages are employed. The 

a *‘ stage may be either of the transformer coupled 

or RC coupled type. 

(b) R . F. Amplification. Stage : Selectivity of receiver increases 

by the use of r.f. amplification s'ages. For every stage, additional 

tube is required. At each stage, amplification and tuning takes 

piace. If too many tuned stages are added, the circuit may become 

too selective and thus there will be an adverse effect on the fidelity 
of the receiver. 


(' c ) Volume Control : The strength of the signal in the prim- 
ary of the antenna coil 7\ is varied by varying resistance R t . The 
action can be understood as : when x moves towards A, a greater 
portion of signal input is shunted to ground and thus signal strength 
is decreased in the primary of antenna coil T t . The second effect is 
that the cathode bias resistance of 6SK.7 is increased. Both these 
aetions will decrease the gain of 6SK.7 and thus volume is decrea- 
sed. A reverse effect will be produced, i.e., volume increases when 
x is moved towards B. 


( d ) Tone Control : Potentiometer R 10 and capacitor C u act 
as tone control and provide a path to ground for a portion of a. f. 
eurrent. The value of C, 4 is such as to ground only higher value 
of audio frequency. The percentage of a. f. current shunted to 

ground depends upon the value ofR l0 . When R ]e is low, then 

only low and medium audio frequencies will pass to output trans- 
former. 
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Values of circuit components : In the following table, values 
of circuit elements (resistance and capacitance) are given : 


Resistors 

Capacitors 

Other Elements 

10 K ohms. 

Ci — c 2 = C 3 
= 10 to 3.5 p.f. 

T\ == Antenna coil 

_Ko=250 ohms. 

c a =c=c„ 

To 1 


^4 v -'0 

= 4 to 30 p.f. 

j |=r.f. transformer 

jR 3 =50 K ohms. 

C 7 —C s —C B —Ci 0 

r 4 = output transformer 


= 0-5/xF 

r 6 =power transformer 

R i =6.' K ohms. 

C iX =2 0 p.f. 

L S. = Loudspeaker 

7? 5 =33 K ohms. 

C l2 =0'05 ft F 

L x = 15 H. 

i? 6 = 1 megaohms. 

C X3 =0-5 /* F 


J? 7 =220 K ohms. 

C 14 =0-1 pF 


i? 8 =470 K ohms. < 

C 1B =0-01 pF 


R 9 =400 ohms. ! 

R 1q = 75 K ohms. 

C l6 = C 17 = 200 pF 


R u = Bleeder 

1 

■ 1 



(B) SUPERHETERODYNE RECEIVER : 


Principle : In the process of superheterodyne reception, the 
signal voltage is combined with a local oscillator voltage and is 
converted into a new signal with the same modulation, but of lower 
carrier frequency called the intermediate frequency, which is then 
amplified and detected to produce the original modulation. 

Advantages : Advantages of superhetrodyne receiver over 
tuned radio frequency receiver are : 

O’) improved selectivity interms of stations on adjacent 
channels, 

00 quite stable operation, 

(m) higher stage gain due to amplification being at lower 
frequency value of the i.f. stages, and 

(iv) selectivity remains uniform over the broadcast band. 

Since the characteristics of intermediate frequency amplifier, 
which provides the major portion of the amplification and selecti- 
vity of receiver, are independent of the frequency to which the 
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»SiZ * fairly receiver 

is shown^n^g 8 ^ ’ B '° ak diagram ot a superheterodyne receiver 

a t.r f 1 ^recdve^uith 0 ^ rCCeivCr haS the CSSential cora P™ents of 
n„ n v !■« ’ ‘ t fret l ueilc y converter and intermediate fre- 

P y amplifier in addinon. The frequency converter consists of 
ZZanTrTr “ m , 0ai " a,0r ' B > mtans “ ‘ ^ capac?,or osci- 

Jiator and t.r.f. circuits are tuned simultaneouly. 


l St Dtfedor 


1 

RF 

t 

Amplifier 


A VC. 


Mtxer 



A.F. 

mphfte, 


f i\. 20. Block diagram superheterodyne receiver. 

Operation in brief : The incoming r. f. signal/, is mixed with 
shghtiy lower or higher frequency from the local oscillator f 
When mixed, the sum (/„+/,) and difference (/.-/,) frequencies 
are formed. By suitable arrangement only difference frequency is 
extracted. 1 he difference frequency (f 0 ~f s ), known as intermediate 

frequency, is then further amplified by the 1. F. amplifier. The 

output of this stage is then applied lo second detector where recti- 
fication and a.f, amplification takes place simultaneously. Audio 

treejuency output is again amplified by the next stage and then 
applied to a loudspeaker. 

Description of Individual Stages : A c mplete circuit diagram 
is shown in figure 2 , In previous chapters of demodulation, amp- 
lification etc., we have discussed fully the machanism of these 
operations In this article, therefore, we shall discuss convener 

stage in detail while simply mention other stages. * 

(a) R.F. Amplifier: The r. f. circuits are used primarily for 
eliminating certain forms of interference common to this receiver. 
This is known as preselection stage. R. F. amplifiers are generally 
operated with untuned primaries and tuned secondaries and 
employ pentode tubes. This stage leads to : 

(/) better selectivity, 

(ii) improved signal to noise ratio, and 

(Hi) good image frequency suppression. 

In circuit diagram, pentode tube 6K7 is used for this stage. 

Combination of resistor /?, and capacitor C, provides cathode 
biassing voltage. 7? u is the resistance to give suitable screen grid 
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Fig. 21. Circuit diagram of 6 tube a.c. operated superheterodyne receiver. 
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voltage. The output of this stage is coupled to converter stage by 
means of a transformer. 

( b ) Pentagrid Converter : Mixing operation of this converter 
has been discussed already in art. 32'7-2. All the advantages of 
superhet set are based on the fact that frequency of various r.f. 
input signals is reduced to a fix difference frequency called interme- 
diate frequency. This need for frequency conversion is ful- 
filled by means of a pentagrid converter. The converter section is 
shown in fig. 22. 

Grids 1, 2 and cathode, work as the components of oscillator, 
Grid 2 acts as anode for local oscillator containing coil Z, 7 connec- 
ted to high tension through a resistor R io J? 18 -C 18 combination is 



Fig. 22 Convener section of receiver 

autobiassing arrangement. Radio frequency signal after preselec- 
tion by r.f. amplifier stage is applied to ihe grid 4 by means of r.t. 

transformer T 2 . 

When high tension is switched on, the local oscillations are 
set up in the oscillatory circuit which send oscillatory electron 
stream towards grid 3. The r.f. signal applied to grid 4 further 
modulates the electron stream. The plate current of 6Ao will then 


contain : 

(/) the r.f. signal frequency /„ 

( ii ) the oscillator frequency / 0 , .. 

(Hi) sum of oscillator and signal frequencies, l e. ( j 0 ~rJ>)t _ 

(iv) the difference of r.f. signal and oscillator frequencies, i.e. 

(/„-/»>• 

(v) other frequencies due to combination of harmonics 
above frequencies. 

For example, r.f. circuit is tuned to 550 kc/s and the oscilla- 
tor is tuned to 1,015 kc/s, then plate current will have frequencies 
550 kc/s, 10 1 5 kc/s. 1565 kc/s, and 465 kc s and hutaonic, of 
these frequencies. We require only difference frequ- y - v 


of 
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In practice, the output load tor the converter is a resonant circuit 

acc'nlance 'Vf'STltTv (A6 J kc/s ' ' vhith wi " i" 

a« ptance of the 465 kc/s current and rejection of currei ts of all 

2Si',r; . T, V 0Cal oscil ! a,or » arranged such that th 

46?kc/ s or 46V& • a K ai,S equa 10 lhc ' nterme diaie frequency 
MD:> kc/s. or 455 kc/s in home receiveis. ^ 1 

(c) I.F. Amplifier Stage : The anode load of converter stace 

are tuned ,0 the , transfd ™” >" which Ihe primary and secondary 
are tuned to the intermediate frequency. The transformer offers 

rn 8 J h aTo P w danCe H t0 thC Va,VC at the desircd intermediate frequency 
an d a !°vv impedance at other frequencies. This i f output is am 

phed to the control grid of the tube 6K7. The load of this staged 
again an intermediate frequency transformer. ® 

, 1 ,:, q h ” c lnp “ t a rf omput intermediate frequency transformers of 
ioup “l abour t W " tMcd Pri"»ry and tuned secondary, have 

freauencv erin „r P r n ' a " d ! hee ab ' > p - The intermediate 
tance^ of thTt' f •’ at 6 db ' or 44 kc -' s « 20 d b The indue- 

?cTp,° n -.*.S o, , a d bo n uV?2^ a " y * b “' 10 ”>"«>“■* ««»«»« 

The stage provides better gain and high selectivity. 

Th'f Slas Z ‘ D :"‘‘ ,wn ' A V C AF - ompltfica- 
* ‘ rh 8 stage-employs a duodiodc triode tube 6SQ7. 

out easdv' L |f wl° n Va . r ‘ ou , s resistors and capacitors can be pointed 
?S obvbu, L j remt K mber delecUon and amplification processes. It 
ype e istanc, C a ° mbl " at ‘ on , C 2 « and C l7 (100 pf) serves a. » 

and A lx servcta^^l^'es&ir 18 freqUCncy COUpHng 

The operation of the circuit is quite simple, 
peak of intermediate fre- 


At the positive 


quency signal the diode 
Plates attract elect ons 
Irom cathode These flow 
through the secondary 
windings ofthei.f. trans- 
former, through R , 6 filter 
resistor and through /?„ 
resistor for volume con- 

rol, returning to cathode 
ror modulated wave, the 

rectified diode current will 
have both d.c and a c 

components. The desired 

amount of a.f. voltage is 

Picked off by the tap on 

volume c mtrol resistor /?,, 

* • 


E AMS~L/f/£X 


: A**Pt /rtEK 



CQWfiOt 


Fig. 23 


Second dc ector sec ion of the 
receiver. 
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and applied to the grid of the triode which serves as first audio 
amplifier. r lhe rectified d.c. voltage across R 2 ? acts through K 2Q 
filter resistor m the a v.c. bus to control the grid potential ot 
tubes of previous stages. As the signal strength at the antenna 
increases, more signals will be rectified b> the dicce and a greater 
negative bias will be applied to the grids of controlled tubes. The 
change of bias reduces the gain of previous stages with the result 
that the output of the receiver changes by muen smaller ratio than 
the input. Thus a uniform response is obtained by the receiver. 
For very weak signal reception delayed a. v.c. is preferred in receiv- 
ing sets. 

The output of this stage is applied to next amplifying stage 
through RC coupling. 

(e) Final A. F. Amplifier: The amplified input from second 
detector stage is amplified by it and then the output is coupled to a 
loudspeaker. The tube used is6K6. 

(/) Power supply unit : A full wave rectifier tube 5 Y3 is 
used Combination of Ci h L 16 serves as filter. The rcquireu out- 
put is taken from various tappings on output load n sistor 

(g) Tuning Ind ; ator ; The commonly used tuning ind cator 
in broadcast receivers is electron ray tube a ?o, called a magic eye 
or a cathode ray indicator tube. Fig 24 shows the circuit connection 



Fig. 24. Cathode ray indicator. 

of such a tube. As shown the tube consists of two parts : 

(/) a triode section consisting cathode, grid and plate which 

together work as d c. amplifier. 

(//) a flourescent coated target and the ray co drol electrode 

connected internally to plate of triode sc cion. 

The tube in the receiver is mounted in a manner that the 
fluorescent target is visible to the viewer. When electrons are emit- 
ted from cathode then their flow to plate is controlled by grid while 
their flow to target is controlled by the potential of ray-eontrol 
electrode or potential of tr ode p ate ( is both are interconnected). 
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W h « n el ^ tr ° n ‘ Strike the target ’ k gives faint 6 reen fluorescent 

light. When the ray-control electrode and the target are at the 
same potential, the target will be evenly illumirated or may have 
small shadow sector but if ray-control electrode is at a less poten- 
tial than target (i.e. negative with respect to target ), most of the 
electrons are repelled back by the electrostatic field of this electrode 

and only a few electrons reach the target so that illumined area of 
the target decreases ^shadow increases). 

Triode control electrode i.e. grid is connected to the a v.c. line 
of the receiver. When receiver is correctly tuned to a station, a.v.c. 
voitage attains its highest negative value so that, grid beinemost 
negative, plate current decreases to its lowest value. Therefore d.c 
voltage drop across resistor R decreases to its minimum value. This 
in effect increases the potential of ray control electrode to maxi- 
mum value. Thus most of the electrons wili impinge on the target 
and its maximum area will be illuminated i.e. shadow area will be 
minimum. Thus smallest shadow area is an indication of correct 

l J Jl ilfi • 

J one C ° nlro1 : This is used to adjust relative amplitudes 

din f T l f^ e t r hl t qU < enC r 1 t u n ^ m the audio out P ut of the receiver accor- 
for t , ast ] e 0f the lls * ener - The commonly used arrangement 

for tone control consists of a series combination of a fixed capacitor, 



Fig. 25. Tone Control. 

tanSln^audio vnn St0r ’ R * ?. ,aced J n shunt with the load resis- 
a shunting path for a ^ r 25 )- The comb ination acts 

tends to lower the nmr,r? r !i 0n r ° f a '^' P late current and thereby 
is increased mph Ude , ° f S,gnaL As th e ' alue of resistor R 

creased 6 ampl,Iud<!s of higher frequency term, are in- 

tNTERMEDUTE FREQUENCY CHARACTERISTICS : 

two mai’n'cLSemions™ vtw e : fr ' qUenCy for ,he sel - * e leep 

values’ -Hf ?houM'hc 0 p n r"fer™df C frec|uency interference, higher 
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(») for better gain and selectivity, low values of i.f. should 
be chosen. 

Therefore, for a compromise between two considerations, we 

can not choose too high or too low a value cf intermediate frequency. 

In different receiving circuits, different i.f. values are used as tabu- 
lated below : 


Receiving sets 

Most widely used i f. 

I 

A M Broadcast r ceiver 

455 kc/s. 

F.M. Broadcast receiver 

i 

10 7 mc/s. 

Television receivers 

f Picture carrier— 26 mc/s 

Rad ir receiver with carrier frequency 

Sound carrier — 2»*5 mc/s. 

in u. h f an J s h f. ranee 

w 

0 to 60 mc/s. 


We consider the choice of intermediate frequency in view of 
the following main points : 


(a) Imaze Frequency Interference : With a cer'ain value of 
oscillator frequency, it is possible to obtain same intern ediate 
frequency with two different carrier frequencies. Suppose the re- 
quired station sends carrier frequency of 100 k:/s. and oscillator 
frequen y is 1030. The i f. prcduc:d will be 30 kc/s. Tor another 
station sending 1060 kc/s. carrier frequency, oscillator frequency 
being the same, i.e. 1030 kc/s. the if. produced will be again 
30 kc/s. This undesired if. due to second station is called the 
image frequency signal . This probability of image frequency inter- 
ference will obviously decrease if we choose higher value of inter- 
mediate frequency The efTec* of 'mage frequency signals may also 
be eliminated by trie us? of one or more pre-selection stages. The 
ratio of the output from the desned r.f. signal to that from un- 
desired r f signal is called signal to inrnge ratio The image fre- 
quency effect becomes important in short wave receivers. 

( b ) Selectivity : Selectivity of sta tions c n adjacent broadcast 
channels is improved if we use low i.f. va lues such as 1 30 kc s and 262 
kc's This can be shown easily by expressing the difference in fre- 
quency between stations on adjacent channels as a percentage of 
the frequency at which tuning and amplification take place. Sup- 
pose 10 kc/s is difference in frequency between station* on adjacent 
channels ; then percentage of frequency for an i.f of 130 kc/s, will 
be 7 7% For 262 kc/s, i f it will be 3*8% and for 455 kc/s i.f., it 
will be 2*2 perecent. Thus it shows that for better selectivity low 
i-f. values should be adopted. 

(c) Tuning ratio : The intermediate frequency can be obtained 
by making the oscillator frequency either lower or higher than the 
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r. f. signal by an amount equal to intermediate frequency chosen. 
But as regards tuning ratio, it is advantageous to keep the oscillator 
frequency greater than ther. f. signal. Suppose we require the 
receiver to operate over a r.f. range of 550 kc/s. to 1600 kc/s. and 
maintam 465 kc/s. as intermediate frequency. Then the oscillator 
will have to be tuned from 85 to 1,135 kc/s. if the oscillator is to be 
kept lower, or from 1,015 to 2,065 kc/s. if the oscillator frequency 
is to be kept higher We see that in the former case tuning ratio 
If ^ to while in latter it is 2 to 1. For this reason in most 
roadcast receivers oscillator frequency is higher than r.f. signal. 

(d) Spurious Responses : Harmonics generated in some sec- 
tions of receiver produce interferences at its output. These inter- 
ferences are generally named as spurious responses. The principal 
sources of these responses are : (1) harmonics of the intermediate 
frequency generated by the second detector, (2) harmonics of the 
incoming r.f. signal generated in the converter tube, (3) reception 
of r.f signal of a transmitter operating at a frequency equal to 

intermediate frequency. For elimination of these effects receiver is 
carefully designed. 

Alignment of Superheterodyne Receiver: In aligning super- 
heterodyne receiver we proceed from last a. f. output stage towards 

antenna Therefore the order in which the circuits are aligned will 
be as follows : 

(h The I. f. amplifier circuit. 

(2) The oscillator circuit, 

(3) The r.f. or preselector circuit. 

Aligning I.F. Amplifier Circuit : An output circuit is connected 
across the secondary terminals of output transformer T 6 and is 
kept connected throughout the alignment procedure. While tuning 
.t. circuit, the local oscillator and automatic volume control should 
e made inoperative. A signal generator is connected with its 
ground terminal to the chassis of the receiver and its high side 

c ° nnectCi ? through a 0*01 pF capacitor to the control grid 
o oa 7. The receiver volume control should be tuned on fully, the 
signal generator frequency is set to correspond with the recom- 
mended value of t.f. for the set. Output of signal generator is 
varied enough to produce an indication on the output meter. The 
trimmer capacitors C l0 and C n (3 to 40 p. f.) are then adjusted to 
obtain maximum indication on the output meter. When the i. f. 
transformer T b is property adjusted, the next step is to adjust i f. 
transformer T A . The procedure is same except that the output of 
signal generator is now connected to r.f. control grid of 6A8. 

rimmers C 8 and C 9 are adjusted for maximum indication on the 
output meter. 

Aligning the Oscillator anl R.F. Circuit : Now local oscillator 
is made operative With the signal generator still connected to 
~ r. . control grid of 6,48, set the receiver dial and the signal 
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generators frequcn cy eac h toa value near 1400 kc/s, but not to a 

point at which a station is received and adjust the oscillator trim- 
mer capacitor C a to obtain maximum indication on the output 

■I1IC Ivl » 

The local oscillator and preselector circuits can also be adjusted 

oy connecting the signal generator output to the antenna terminal 

tn rough a 200 w F capacitor and then setting the receiver and 

signal generator frequency near 1400 kc/s., we adjust the trimmer 

capacitors C t , C E , C e for the maximum indication on the output 
meter. v 

The local oscillator must also be adjusted for some value at 
the low frequency end of the dial. The low frequency alignment 
may be made by setting the receiver dial and the signal generator 
frequency at 600 kc/s. The oscillator padding capacitor C, is then 

adjusted to obtain maximum indication on the output meter while 

gently rocking the ganged capacitors back and forth to keep the 

signal tuned in The low frequency adjustment should be made 

only at the padder capacitors and no adjustment of trimmer capa- 
citors 


Tracking : For trackirg the oscillator circuit of the super- 
heterodyne receiver with the preselector circuits, padder capacitors 
are employed. All the ganged tuning capacitors aie of the same 
construction. The capacitors used to tune the r.f. circuits must 
have a greater range than the capacitors used to tune the oscillator, 
the reason being that as the oscillator is tuned to a higher freq- 
uency, the ratio of high to low frequency values is less for the osci- 

lator than for the r.f. circuit In order to use identical capacitors 
for all the tuning circuits, padder capacitor is connected in series 
with the original tuning capacitor to reduce the ratio of the maxi- 
mum or minimum values of the series combination. Padder is made 
adjustable for tracking procedure. Radio receivers may be designed 
so that exact tracking will be obtained at these frequencies in the 

band and satisfactory tracking aho provided over remainder of the 
band. 


32 9. TRANSISTOR RECEIVER CIRCUITS : 

The basic principles and circuit applications using vacuum 
tubes, described earlier, for local oscillator, frequency converter, 
and i f. amplifier can also be applied to similar transistor appli- 
cations. 

32 9-1. CONVERTER CIRCUITS (Mixer circuit) : 

A transistor converter circuit consists of an oscillator and a 

• _ 

imxer. The mixer section is shown in fig. 27. Through C x and R u 
input from i.f. amplifier is fed to the base of CE transistor. The 
required positive base voltage is obtained from the voltage 
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divider R x i? 2 . is to provide stabilisation of the collector 

current. 



The incoming r.f. signal of frequency, /*, is mixed with local 
oscillator signal of frequency, / 0 . as follows : the oscillator signal 
is coupled to the emitter through C 2 . Application of this addi- 
tional signal voltage to emitter drives the emitter into conduction 
during negative half cvcles Thus transistor operates at class B 
operating point. 1 he base emitter diode current is modulated by 
both r.f. input and oscillator signal. Consequently, collector current 
will vary at both r.f. and oscillator signal; The difference frequency 
( fo ^ f) 's selected by i f. transformer T v 

Autodvne Converter : 


It is a *elf oscillating mixer, i e. 9 in it the same transistor 
elements are simultaneously used as an oscillator and a mixer. The 
circuit is shown in fig. 28. R.F. input is inductively coupled to 



Fig. 28. Autodyne converter. 

the base of the transistor. Base bias is obtained via and 
/ 4 C 4 constitute the oscillator tank circuit and is tuned to the desired 
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oscillator frequency, f 0 . Energy from the collector circuit is fed to 
this circuit and tank circuit develops r.f. voltage at frequency, / 0 . 
This oscillator signal is injected into the emitter circuit by R 3 -C 3 
coupling. Thus base emitter diode current is modulated by both 
r.f. input and oscillator signal. The difference frequency 
is selected by output tank circuit £ 5 C 5 . Note that feedback from 
output via £ 3 keeps the circuit Z, 4 C 4 oscillating. 

A dual gate MOSFET mixer circuit : 

The circuit is shown in fig. 29. The input r.f. signal is fed to 
onegate and the oscillator voltage, from a separate oscillator 
circuit, is fed to the second gate through C 2 R 1 coupling. This 
minimises the chances of interaction between two input signals. 
FET is biased into its non-linear region using source bias R 3 C 3 
combination. As a result, drain current is distorted and will con- 



tain many components— one of which is at the difference frequency 

The drain tank circuit L 3 C t selects the difference 

frequency. 

I. F. AMPLIFIER CIRCUITS : 


A single stage i f. amplifier is shown is fig. 30. I. F. amplifier 
is a fixed radio frequency amplifier. It rejects adjacent unwanted 
frequencies. Since i.f. amplifier operates at a fixed frequency, the 
double tuned inductively coupled circuits can be used for improved 
band pass action, and for better selectivity it is also necessary that 
Q of the transformer is maintained. Compared to vacuum tube 
circuits, in transistor i f. amplifier stage, there are two main 
problems : 


(/) Loading problem : The high output impedance of one 
stage is to be matched with low input impedance of the following 
stage. It is done by 

(a) tuning the primary circuit of each transformer to the 
desired frequency by variable inductance and fixed capacitors Q 
and C 4 . 

(b) having the secondary circuits of each transformer un- 
tuned, and 

(c) tapping the primary winding of each tranformer. 
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07) Feedback problem : The collector to base capacitance 
of the transistor may be high enough to cause undesirable feed- 



In circuit of fig. 30 proper forward bias is obtained by the 

\oltage divider network R\R 2 and degeneration is minimised by 

C 2 and C 3 . For high Q (better selectivity) i.f. transformer should 

have an output resistance of about 25 kQ. Further collector is 

connected to a tap on primary winding of i f. transformer and not 

shunted across the entire primary winding so that selectivity is not 

seriously affected. The desired circuit Q and proper impedance 

match can be obtained by selecting the correct position of the 
tap. 


use a single stage i.f. amplifier due 
to low detection efficiency at low signal levels and also due to band- 
width consideration. Better gain , bandwidth and selectivity is 
obtained with two stages of i.f. amplification. 

Neutralising Circuits : 


When collector to base capacitance of the transistor, being 
used, is large enough to produce undesirable feedback, neutralising 
circuits are then used. Neutralisation of i.f. amplifier stages may 
be accomplished by connecting a feedback capacitor, C n , from the 
ase or the transistor in one stage to the base of the transistor in the 
preceding stage. The value of this capacitor is given by 

Cn — nC 0 , 

where Cc is collector-base capacitance (in pF) and n is the turns 

HVlu (. tween t J ie fa P °n the primary and turns on the secondary 

of the i.f. transformer). 

Automatic Gain Control : Refer to art. 31*5. 
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DETECTOR CIRCUITS : 

The crystal diode as a half wave rectifier is frequently used in 
a.m. detectors. Their operation as an a.m. detector for transistor 
radio receivers is the same as for vacuum tube radio receivers. They 
offer the advantages of (i) small size, (ii) low internal capacitance, 
(iii) low dynamic resistance, (iv) high frequency and (v) requiring 
no operating power. Refer to chapter on demodulation. 

32 9-2. TRANSISTOR RADIO RECEIVER CIRCUIT : 


Refer to the circuit of fig. 31. It uses four transistors (NPN 
type) and one diode (second detector), this unit has five stages, 
described as follows : 

(i) First Stage : It is an autodyne converter (transistor Qi). 
Resistor R 2 (=10 kQ) in emitter circuit is to provide destabilisation 
against temperature changes etc. The positive voltage that emitter 
current develops across R., is counterbalanced by a positive voltage 
fed to the base from the battery. Resistor R t (= 2 2 k Q) provides 
proper biasing voltage for the collector of Q x . Bypass capacitor 
C 7 (=0'001 nF) keeps the signal currents out of dc supply 
source. 


(ii) Second and third stage (transistors Q 2 and Q 3 ) : 

There are two i.f. amplifier stages They are necessary to 
attain better gain, bandwidth and selectivity. To match the high 
output impedance (collector impedance) of the preceding stage to 
the low input impedance of the following stage, the secondary of 
the i f. transformer is kept untuned while primary is tuned with a 
fixed capacitor. Neutralisation is achieved through C 10 and C u 
capacitors, each of value 10 pF. 

A VC voltage is applied to the first if. stage (0>) only. It is 
the negative voltage obtained from the second detector. 

The voltage divider network of /? 17 and R n provide bias for 
second i.f. stage (^ 3 ) . This bias voltage is bypassed by C 22 and 

Emitter resistor R b (=1*2 kf2) and R$ (=2‘7 k Q) provide d.c. 
stabilisation. 


Each of the collectors of Qi and Q 3 receives its operating 
irrp tVirmioh a 2‘2 ki2 dropping resis’or (R 2 and R\q) and 


Lav II KJi l 1 1 v ^ :& z . * 1 _ 

voltage through a 2*2 ki2 dropping resistor (/? 7 and R j 0 ). C 
C 15 are the decoupling and bypass capacitors (each 0 001 i^F). 


(iii) Fourth stage: There is a second detector /),, beyond 

second i.f. stage. The load resistor kp) for the detector is 

the volume control. The low value of this resistor is needed 
to match the input impedance of the next audio stage (£? 4 ). 

(iv) Final stage : The final amplifier (Q x ) is an audio frequency 
amplifier. Base bias is provided by voltage divider network R yi 
and R,. The emitter is grounded through 7? ]6 (— 1 k~Q) resistor. 
The output transformer matches 10 k Q collector .mpedance of Q t 


Approx. Same 



Fig. 31. Transistor radio recei 
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3210. SINGLE SIDE BAND RECEIVER : 

For the demodulation of a single side band signal, carrier is to 
be reinserted at the receiver. Then demodulation of SSB signal is 
carried out by modulating the received waveform using a local 
oscillator for generating the carrier frequency as illustrated in fig. 
32 ( b ). The lower side band of frequency (f c -fm\ (as SSB signal 
input at the receiver) when modulated with re-inserted carrier, f e , 
will produce an upper sideband of frequency 2f„ f„ and a lower 
sideband of frequency f m . Since only the lower sideband is required, 
upper sideband is filtered out by some suitable circuits. 


incom/fg signa/ 

Cfc ~ fm) 


re -inserted 
Carrier 

(From Loco/ 

osci/iotor) 

t(fc~fm) f C Mf c ~fm) 
(fc -fm) (fc+fo) -fa - Zf c -f m 

(a) Modulation (6) Demodulation 

Fig. 32 SSB demodulation. 

A balanced modulator, shown in fig. 33. may be used for 
demodulation of SSB signal. The carrier frequency generated by 
the local oscillator is re-inserted at the centre taps of the trans- 
formers and the incoming SSB signal is applied to tne transformer 




Me/o/ recfi'ficr 

V 
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T x . The potentiometer P , known as the carrier leak control, is adj- 
usted until the minimum carrier output is obtained. The metal 

rectifier is employed because of its small impedance when forward 
biased and very large impedance when back-biased, so that the 
output waveform is produced by the sideband being switched on 
and off at the carrier frequency. This output waveform contains a 
component of the original modulating signal. 

re-inserted carrier as required for the demodulation of 
signal must have : 

(i) same frequency as the original suppressed carrier, 
fii) same phase, and 

(iii) requisite strength. 

. ^ or requirement the two carrier oscillators-one at trans- 
m 1 tei and other of receiver must be in perfect synchronism other- 
wise the frequency of the demodulated output signal (audio) will 
be changed as discussed below : 

Let the carrier of the sending end be 
e c = E e cos a > c t 

and the modulating signal be 

Cm Em COS CO ri t , 

then the modulated wave is 

e=E e {l+m a cos a > m t) cos w e t 

= E C cos a> c t + ”±Jk cos + cos (w c +oj m )t 

If the carrier and upper sideband are completely suppressed at 
the transmitting end then transmitted wave is 


e t 


m a E 0 


cos (w 0 — u> m ) t. 


At the receiver this sideband is added to a local carrier which 
has a phase displacement, 6, from the original carrier, the voltage 
waveform available for demodulation is 

e r — E„ COS (o> f f 0) -f- — ~_f cos (io a — a > m )t 

=E C cos io e t cos 0 — E o sin w c t sin 9 

m a E e 

H 2 ~ [cos cogt cos w m t + sin w e t sin w m t] 


E e cos 6 -\ — cos Wmt | 


E c sin 6 


m„ E. 


sin a ) m t I sin w c t 


m a 2 E e z 


+ E e 2 sin 2 6—m a E c 2 sin 6 sin t o m t 


E 0 2 cos 2 9-\-m a E c 2 cos# cos io m t+ 


COS s iO m t 


+ 


m a 2 E 2 


sin 2 oj m t 


i/» 


cos (w e t- f-a). 


4 
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where 


tan 


-i 


sin 0 


nta 

2 


sin <D m t 




cos 0+^ cos U) 


til 


t 


or 


E 2 


+ 


m 


a 


2 Er 2 


+m a E 2 cos (to m t+0) 


1/2 


COS (a V + a) 


if depth of modulation is small so that tn a < 1 and m a 2 E 2 term is 

neglected as compared to E c 2 then 

e r =[E c 2 +ni a Ec 1 cos (c o m t + d)] 1 ' 2 cos (a y +*) 

Which, on expansion by binomial theorem, gives 


EcV^ cos (o Jm t + 9) 

E c | l + ~ cos (co m t + 0) 


COS (o) 0 tH-oO 


COS (o» c t-fa). 


[ ‘ ' 2 

When 0=0 modulation index, m a , is the same as in modu- 
lated wave at the transmitter. Thus modulation of signal at the 
receiver reproduces the modulation envelope which corresponds to 
modulating signal at the transmitting end. Any variation of 0 from 
zero simply causes a change in phase shift of the output modula- 
tion signal from its correct position. If the phase angle varies slowly 
with time on account of slight difference in frequency between 
suppressed carrier and reintroduced carrier, the phase of modula- 
ting signal varies accordingly. A slow variation of phase ot 
modulating signal at the receiving end with respect to that at trans- 
mitting end with time is equivalent to a change in modula .ng 
frequency In other words, the two carrier oscillators (transmitting 

end and receiving end) should be exactly synchronised otherwise 

frequency of ihe derived modulating voltage at the receiver output 
will be changed. 

In order to maintain the condition ro„ < I, the amplitude of 
re- inserted carrier must be large enough w.tn respect to sideband 
This Is important otherwise harmonics of modulating signal will 
appear at ihe output of the receiver, causing distortion. 

SSB Receiver : 

A SSB receiver block diagram is shown in fig. 34. 

T . 5n _ 1It ..--n-i (-frect. 13T — 13103 mc/s) is amplified by r.f. 
The inpu g ( t o first mixer where it is mixed with local 

SffiuSS SSbe-t fn! q««H>y 3-1-3-103 */<. 

thus Deduced is then fed to intermediate frequency amplifier. 
This amplified' i.f. signal is further heterodyned m second mtxer 

if. oflOkc/s com bined with reinserted 100 kc/s carrier 

demodulator where t * order to keep m, < 1 so that 

(corresponding combined wave varies inaccordance with the 
S n c a omparS! “Si £ amplitude of single sideband. The original 


detector'" 8 S ' gnal 1S received by the conventional a. m^diode 

For faithful reproduction of signal it is required that the 
reinserted carrier be within 10 cycles of the orignal one. For this 
the output of second mixer which consists lower i.f. (100* kc/s) also 
called pilot carrier, is fed to a crystal filter which extracts 100 kc/s 

through a limiter circuit to remove fading. This gives a constant 
‘ ^ 

[3 1-/3 -7Q3MC/S 3-J-3-103MC/S 700 - /OAATC/r 0-3KC/S 



M/xerU I F- 

i n amp 


Cxer |J Channel [ J IF 
u Fitter \\AMP 


Jam 

\\af\ 

1 iater\ 

fltMPI 


I 


I 


I 


I 




I 


tte/rserte ct 
Carrier 


\AMP 


\Umlter 


Local 

Oscit/ofor 

/ 

WMC/s 


LOCO, / 

^sciJJafor 

n 


\a.f.c. I 

I Crystal I 

bysfeA. 

•j Osc- 1 


\ wo kc/s 1 


i 


A. V. C. 


A. v. c. 
Detector 


Fig. 34. SSB Receiver. 

amplitude carrier for reinsertion. Further, frequency of this pilot 

fmm I ' n C ° t m i Pare ?, WUh a local,y generated 100 kc/s oscillation 
lf th • ys a collator in an automatic frequency control system. 

I ”® 1 ,, ** f ny dlffe rence between the two frequencies then a torque- 
StS d t0 A? pl } ase motor which drives a small tuning capa- 

freonelnv 00 ^ ? Ca i OSC r llat ° r in such a direc t>°n as to change its 

? y * SO ^. at 1 f-> after second mixer comes back to 100 kc/s. 

f^ rn r r frec l uenc y is also maintained at 100 kc/s. There- 

SwIihT™ th “ i* rec l uer ] c y (switch 1) or crystal oscillator frequency 

used her2n may p^- e U !f d re "i nserted carrier. Generally laiter is 

with selecti S ve 0 fId r i?g d0m fr ° m n ° i$e and rapid variations of P hase 
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32 11. F.M. RECEIVER : 

These days f. m. receiver, that overcomes the disadvantages 

seTS tere Th m a ‘ m ' b f roadcastin g- find s extensive use in broadcast 
services. The earner frequency in f.m. system can be varied over 

a wide range than the extent of the signal components. In frequency 

commumcanons employ a devotion of 1 kc/s. F.M. broadcasting 

statins operate on assigned frequencies ranging from 88 mc/s to 


SUPERIORITY 
RECEPTION : 


OF F. M. RECEPTION OVER A M 


1. Frequency band : The bandwidth in the case of f.m 

receiver are broader as compared to a. m. receiver. Bandwidth 

varies with the type of services for which the receiver is intended 

A.M. broadcasting stations operate on band frequencies ranging 

r°m 540 to 1600 kc/s, while as stated above f.m smtions operate 

on assigned frequencies ranging from 85 to 108 mc/s. These fre- 
quency ranges have been assigned by F.C.C. 

2. Selectivity : Selectivity depends upon the ratio of channel 

width to carrier hequency which is greater in f.m. receivers 

therefore f.m. receivers will have a greater adjacent channel’ 
selectivity 


2. Noise Reduction : F.m. receivers have greatest advantage 

of suppressing external noise in comparison to a.m. receiver This 
noise can be : 


(0 noise picked up by the antenna from passing noise or 
'static’ radio fields. 

(//) thermal noise generated by the resistance that the antenna 
system presents to the input terminals of the receiver, and 

0/7) noise generated within the receiver consisting of circuit 
(thermal) and tube noise. 

The superimposition of the noise over f.m. wave will cause 
fluctuations in amplitude and likewise produce phase variations. 
The noise contained in the wave can be prevented from producing 
appreciable noise in the output of receiver by 

(/) employing a limiter or ratio detector so that the ampli- 
tude variation are smoothed out, and 

(/V) using a frequency deviation at the transmitter so great 
that, for full modulation, the frequency deviation is large compared 
w, th unity, which, inturn, helps to suppress the fluctuation due to 
phase variations. 

Thus the output of the receiver is practically free from noise 
due to static. 

4. Image Interference : Image frequency interference is caused 


1546 


Hand Book of Electronics 


by the signal having the frequency double that of intermediate fre- 
quency. In f.m. receiver intermediate frequency value is very high 
of the order of 10*7 mc/s : so double of this frequency will be 21*4 
mc/s which exceeds the complete span of f.m. band of 88 mc/s. to 

108 rac/s. Thus image frequency interference is rare in f.m. 
receivers. 

5. Reduction of Co-channel Interference : When two fre- 
quency-modulated transmitters located within the range of a 
receiver are operated on the same frequency, then stronger signal 
tries to suppress the weaker signal almost completely. As mention- 
ed above in noise reduction, with f.m. receiver it is possible to 
separate the signals of two stations operating on the same frequen- 
cy, if the interfering signal is not greater than fifty percent of 
desired signal. 

6. Fidelity : The essential requirements for good fidelity set 
are : 

(/) the set must be practically free from hum, 

(//) the reproduction must be practically free from harmonics 
and intermodulation frequencies at all volume levels. 

(HI) the electrical characteristic must be practically uniform 
over a wide audio range, and 

(/v) a gocd loudspeaker must be provided. 

F.m. receiver satisfies all the above requirements to a greater 

extent as compared to a m. receiver. Therefore f.m. receiver has 

good fidelity, particularly because of suppressing noise to mini- 
mum. 

BLOCK DIAGRAM : 

A block diagram of basic receiver is shown in figure 35. F.M. 
system usually employs superheterodyne type receiver, which as 
siown in block diagram, includes r.f. amplifier circuit, converter 
circuit, r.f. amplifier section, f.m detector and audio amplifier sec- 
tion connected to a loudspeaker. 



F:g 35 Block diagi am of f m. receiver. 

DIFFERENCE IN F.M. AND A M. RECEIVERS : 

F.M receiver differs in the following respects from medium 
and high frequency a.m. broadcast receivers : 
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The carrier frequencies are much higher 
«he ,he wid? ^ <* 

order of lO-^inc/s™^ 13 * 6 fre ^ uenc y use <* is higher being of the 

( f,w£ he r ' f ' ampli * 5< : r ma y contain one or more limiter staees 
, ^ Frequency- sensitive device to reproduce the original mod- 

lating signals is used in place of a.m. detector. 

(v/) De-emphasis circuit is employed along with the audio 

emeu, to remove the pre-emphasis inserted at the transmitter 
(v//) ror good fidelity, appropriate loudspeaker is provided. 
OPERATION OF F.M. RECEIVER : 

, T k he i limi i er and discrim 'nator stages of f.m. receiver have been 
described in the previous chapter of detection. The stages before 

limiter are also similar to their counter-stages in a rn receiver 

except some differences in the design of the circuit and Tubes used 

Therefore we shall not discuss much about fm. receiver 

Due to some differences in the stages previous to limiter, we 
shall explain here the front end portion (the section of the receiver 
which first acts upon the received signal) of f.m. receiver in brief. 
F.gure 36 shows the front end portion of f.m. receiver. 

The front end employs three tubes : 

(/) a pentode F7j used as r.f. broadband ground cathode 
amplifier. 

00 a triode mixer VT 2 , and 

(Hi) a twin triode VT a of which one section is used as a tuned 

grid oscillator and the other section as a variable reactance tube 
for the a. fc. circuit. 


The antenna coupler CjG^L, is of unbalanced type and its r f 
signals are coupled to FT, by C 3 and R v The r.f. amplifier has 
wideband response and increases the strength of all signals in the 
fm. band ; its output is coupled by C 5 to the tuning circuit 
AQQ- The r.f. tuning circuit selects the signal of one station 
and rejects all other ; the signal of the selected station is fed to 
the grid of the mixer tube VT 2 .VT sA operates as a tuned grid triode 
oscillator that is tuned by TfAjC,,. The osciil itor signal is 
coupled to the grid of the mixer tube by C 9 . Capacitors C 9 and 
C ln are mechanically controlled by a single tuning dial. VT tB is 
operated as a variable reactance tube which is coupled to the 
oscillator tuning circuit by C, 3 and keeps the oscillator frequency 
constant. 


Description of Individual Stages : 

(/) Antenna and its coupling unds : The type of the antenna 
used with f. m. receiver depends upon the distance of broadcasting 
station from the location of receiver When the receiver is used 


To F. M. Dotzctar 



receiver 
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inherent ‘bmty ,ype . of a Me""a having 

“ Sig " a ' arM ' a c( >m(nercial > typ “ P ToS'r 'VnS'nT t 

and 0 ^ ° f ind,,c,a " ce - capa- 

m.ssion line to the receiver pro^riv* c - u P^-g the trans- 

tube, this line should be te^rninated^bv^V^f- lnput of the first 

^ofT ^^KS^r Ceyr ' - -h 

ground then it is said to be bal^L^ VpTamel^ef ^ ^ 

signal strength ' af i^Lme^equcncyTt'wr C hT increas ™ *e 

functions ofihig s are n\ > • nCy at w ,ch Jt *s received. 7 he 
image frequency effect (mto Selec,ivity ’ 00 to red .ee 

astern, the tubes used OrTs^nT^ ** emp,oyed * n f m - 
mmtmise the difficulties that arise in hiJfTr ^ designcd to 

iKESSSSlr " - • - MS 

scr *•» “• " •— .s ’ sue ast-s 

impeda'nce^ *" *° i,S 

mixer so that on combining with signal from the desired ° 
it produces the required intermediate frequency of J0‘7 me s The 
Prime importance in the design of this circuit is rhr> " 

of the stable oscillations Any frequency drift in the oscillator ^ 
quency will affect that i.f. value appreciably. ^"ator fre- 

t*nt \ F * C ' cir f uits are u sed to keep the oscillator frequency cons. 

circuit "a gUt r ^ ; ' B aCts as a var ‘ a b ,e resistance in an f c 

ciremt. Any frequency drift at the oscillator tube VT 3A will cause s 

led tott! n th . e . de t ector output voltage which in turn, as being coup 

ube 8nd ° f ^ C3USe a Change in ,he reactance of this' 

cuit •u eaCtanCe 1 by means of is connected to the tank cir- 
it of oscillator and hence any change in reactance will affect the 
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oscillator frequency in the right direction as to have maximum out- 
put at the f.m. detector. 

(iv) Mixer stage : The voltages of both r.f. and oscillator 
signals are applied to the grid of tube VT 2 . The oscillator voltage 
is made relatively larger than r.f. signal voltage which will cause 
the plate current to vary between zero and maximum of its value. 
This, in turn, will vary the transconductance of the tube inaccor- 
dance with its own variations. These variations of plate current 
and transconductance due to large oscillator voltage will form a 
series of pulses whose peaks will be modulated jby relatively small 
r.f. signal. Therefore, the plate current will consist of pulses 
occurring at the oscillator frequency rate and also the side-bands 
above and below the oscillator signal frequency ; the side bands 

still contain r. f. signal mcdulations. 

The transformer T 1 is tuned to select the lower side band fre- 
quency named as intermediate frequency which is 10'7 mc/s. m 
f.m. receiver. 

fv) I. F. Amplifier : The stage is quite similar to its counter- 
stage used in a.m receiver except that here it opera es at higher 

frequencies, 10'7 mc/s and requires a wide bandpass. 

The rest stages of f.m. receiver have been discussed in previous 
chapter. For de-emphasis circuit connected at the a. f. output o 
the f.m. detector, a simple arrangement is shown in fig. 37. Jhis 



w/tcppa/c v DE-fzMPHAVS 
Fig. 37. De emphasis Circuit. f , 

consists of a simple RC network connected across the output ot tne 
f. m. detector. The higher the frequency, lower is the reactance o 
capacitance C and hence signal amplitude applied to the audio 
amplifier will be relatively lower. The circuit, thus, removes th 

pre-empasis inserted at the transmitter. 

The de-emphasis network can be separately sketched as sho 
in fig 38. 
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5. 


EXERCISES AND PROBLEMS 

Drawee block diagram' oft '*** ° fa b,oadcast transmitter 

parts. ypical f. m. transmitter and explain the 

Describe phase modulated type f. m> transmitter. Discuss the advan- 

dia8ram Whh 3 brief descripnon of the output stage of a 
output of the transmitter is 0 KW, the earner power, whic! “fed to 

a balanced transmission hue of 500 ohms impedance. If the modula- 

Uut ? P£rCe0t ’ Wh3t ‘ Sthe maximum P ea l< voltage across the 

What are the principal advantages and disadvantages cf high level 

mi ,d e U r a ? , ° D 35 COmpared wi,h J ow-leveI modulation in a radio trans- 


6 Sketch pre-emphasis network and discuss why it is necessary to in- 
crease the amplitude of the Higher modulation frequencies befoie modu- 
lation at the transmit er. 

7 ‘ transmitter! 0 ^ d ' a ® ram of an amplitude modulated radiotelephone 

Sass r clm h p°ifier the m ° dUlati0n is obtained *ith the modulated plaie 

Describe the regativ e feed back amplitude modulated transmitter. 

8. Draw block diagram of a typical b.M. transmitter using reactance tube 
and explain he parts 

9 Select the correct answer : 

(a) It is not desirable to modulate an oscillator directly because of the 
(0 large power required by the modulator ; 

( ii) non-linear output ; 

(Hi) generation of sub-harmonics ; 

(iv) incidental frequency modulation. Ans. (iv) 

(b) The highest frequency stability is achieved by using an oscillator of 
type 

(0 Hartley (ii) Colpitis 

(///) Crystal controlled (iv) Electron coupled. Ans. (///) 

(c) Efficient r.f. amplification is achieved by using amplifiers of type 

(/') Class A (ii) Class B 

(Hi) Class C ( iv) Push pull. Ans. (///) 

(d) Chief advantages of pre-emphasis circuit in F.M. tran mittcr is to 
(/) increase the carrier power ; 

(//» improve the signal to noise r.-tio at low audio frequencies ; 

(Hi) improve the signal to noise rati > at high audio Irequencies ; 

(iv) increase the bandwidth of sidebands Ans. (Hi) 

(e) A frequency multiplier usually operates in 

({) Class A (ii) Class B 

(Hi) Class C (/V; Pushpull. Ans. (///) 

(f) Overmodulation of a transmitter signal is corrected by the adjust- 
ment of the 

(0 R. F. amplifier, t ii) power amplifier, 

(/77) speech amplifier. (/V) frequency doubler. Ans. ( ///) 
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10. Explain the principle of operation of a superhetrodyne receiver for the 
reception of amplitude modulated signals. 

Describe how the sensitivity and fidelity of a radio receiver are 
determined. 

11* Discuss the factors affecting the c’ oice of a proper intermediate fre- 
quency in a superheterodyne receiver. 


12. In what respects does the r f. receiver differ from a. m. receiver Des- 
cribe front end portion of fim. receiver. 

1 -• Explain the principles and indicate the advantages of superheterodyne 
radio receiver compared with the straight (t.r.f.) receiver. 

Explain the following terms : 

(a) Delayed automatic gain control, (t>) Signal frequency tracking, 

(c) Cross modulation. 

1^. Give the circuit diagram of a superheterodyne radio receiver. Explain 

the process of frequency conversion by pentagrid converter. Discuss 
the choice of intermediate frequency and the function of a v.c. line. 

15. A superheterodyne receiver is required to cover the waveband 200—500 
mecres and the intermediate frequency is to be 4*5 kc/s. calculate 

(a) the maximum and minimum frequencies of the beating oscillator 

(b) the maximum capacitance of the oscillator tuning capacitance 
assuming that the minimum value of 100 pf. 

J^Hint. (a) / min =600 + 450 = 1050 Kc/s. 

f max — 1500 + 450=1950 Kc/s. 


(b) 


/= 




and 


so that 


2 r.y/(LC) 

fmin = 


f 


1 


max 

1 


2 It y/ ( LC m i n ) 


P 


min 


or 


Pmax 

1050 


2l T\Z ( LCfnax) 
Cmtn 
Cmax 

10 x 100- 12 


c 


max 


1950 

16. Indicate the false statement : 

(a) Straight receiver had the following drawbacks : 

(/) gain variation over the frequency coverage range, 

(z7) insufficient gain and sensitivity, 

Hi) inadequate selectivity at high frequencies. 

(*v) instability ; 

(b) If IF is very high : 

(/) image frequency rejection is very good, 

(//) the local oscillator need not be extremely stable, 

■ iii) the selectivity will be improved, 

(/V) tracking will be improved. 

(c) Main functions of R F. amplifier in a superhet set is to 
(0 provide improved tracking, 

(//) permit better adjacent-channel rejection. 


Ans. (0) 


Ans. (if) 
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17 . 


18 . 


19 . 


(/»') increase the tuning range of the receiver, 

(iv) improve the rejection of the image frequency. 


Discus* the demodulation of single sideband system. What will happen 

if the carrier at the transmitting end and that re-inserted at receiving 
end are not in perfect synchronism. Give the block diagram of SSB 

receiver. 


Give and explain, sketching the ideal and typical curves, the physical 
content of, the definition of sensitivity, selectivity, and fidelity of a 
radio receiver. How is the sensitivity affected if a receiver is provided 
with an A.G.C. ? Describe a method to measure any one of the above 
mentioned characteristics. 

Explain the purpose of pre-emphasis, de-emphasis and tho limiter and 
describe schematically how one of these is incorporated in FM trans- 
mission and reception. 


* 


33 


INTRODUCTION TO RADAR 

AND 

TELEVISION 



JKADAK 


raneJn?' the f bbrevia,ion for ‘ radio detection and 

which inHnr? r 1S ° 0t a S11 ^ ? instrument but an electronic device 
detection nnrft va ^ , . ous techniques employed for the purpose of 
ranee of fm * ocatl . on °f objects at distances that far exceed the 

nredL rWH an 7 1S1 ° n - J he function of radar system is very much 

n“ d ,i S v“ ed by darkness ' ClOUd$ ° r f0g *“* 

33 0. PRINCIPLE OF RADAR : 

trani^H^n 1 S ^ se *^. pontained unit including a powerful radio 

duration a sens, . tlve receiver. Powerful pulses of very short 

enerev ic SCt j U u space hy the radar transmitter. This radio 

whidf^tio,^ 11 ^ 6 ^ baC L. t0 the sen dcr system by a distant target 

snarp tn U j- £ a P a bl e of scattering electro-magnetic wave in 

rancrp of tu time t ^ us ta ^ en two way journey is a measure of the 
range ot the target. 

f Repulses are sent at regular intervals. For the measurement 

t u t - 1 | tance *. a ^ me interval of * 1 5 - sec, and for short distances 

t 5ood r sec is usually adopted. To send such pulses, the radar 

t i n mj er co pes in operation for a duration of micro-second and 

Thiic tv»^ aiI ^ S i^ ac ^ Ve for the relatively long time of seconds. 

e P . ? es are transmitted with a definite frequency called the 
pulse repetition frequency. 

33- 1. BASIC ARRANGEMENT OF RADAR SYSTEM : 

. diagram of a basic pulse type radar system is shown 

follcr/s * ^° r a description, its function can be stated as 


O') Large video pulses with a repetition frequency of several 

undred per second are supplied by the modulator micro-wave 
hcillator. 


(») The resulting r.f. pulses are radiated by a highly direc- 
tional antenna to confine the radiated r.f, power in a definite range 
and direction. 

0(0 Since the same antenna is used for transmission and 
reception purposes, a duplexer is used to isolate the receiving unit 
from strong transmitting pulses at the time of transmission of radio 
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energy to avoid its damage, and then to switch the antenna to the 

receiver in the intervals between the pulses during which the reflec- 
ted energy is being received. 



Fig- 1. Block diagram of a simpie pulse transmitter. 


(/V) The received r.f. pulses are fed to mixer which converts them 
to I.F. pulses which are then amplified and detected to give video 
signals. 

(v) The signals are then fed to the indicator unit. It is essen- 
tial to synchronise exactly the indicator-sweeps with the transmitted 
pulses by means of triggers obtained from modulator. 

(vz) In searching the surrounding space for targets, the 
directional antenna is given a rotatory motion so as to point the 
energy beam in different directions. The range and direction are 
then noted by the indicator unit such as P.P.I. which is properly 
synchronised with antenna position. 

As shown in fig. 2, the direction of target is specified by two 
angles. One azimuth <f> which is the direction of the projection of 
the radius vector on the horizontal from a fixed reference direction 



Fig. 2. Target direction specification. 
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(usually taken as north) and the second elevation 8 which is the 
angle between this projection and radius vector r from radar to the 
target. 

33-2. AZIMUTH AND RANGE MEASUREMENT : 

The fanction of indicator : Indicators furnish the information 
about the presence and position of the target. Cathode ray tube is 
used as an indicator in pulse radars whose beam is modulated in 
intensity to show the presence of target and distinguish it from other 
targets and deflected in position to indicate the angular position 
(azimuth and elevation) of the target. All these arrangements lead 
to class C indicator. We are mentioning here, in brief, the types of 
indicator which are commonly employed. 


Type A indicator : 
In this type of indicator, 
this beam of the cathode 
ray tube is deflected across 
the screen by the appli- 
cation of linear saw tooth 
voltage, synchronised with 
transmitted pulses, to the 
horizontal plates. The 
output of the receiver is 
applied to the vertical 
deflection plates. Thus 
the target signal may de- 



flect the beam upward or Fig. 3. Type A indicator, 

downward. The upward deflection is more commonly employed. 
The distance of the each pulse from the transmitter pulse on the left 
hand side, which sets zero of the linear scale, gives the range ot the 
target as shown in figure 3. This type of indicator only reveals the 
presence and gives the range of the target. It does not give any in- 
formation about the angular position of the target. The greater 
advantage of such an indicator lies in revealing the nature of the 


target by the strength of the received signal. 


Type B Indicator. In this type of indicator, the cathode ray 
beam is modulated in intensity to indicate the target. This position 
of the resulting spot of light shows the range and azimuth of the 
target in rectanguar co-ordinates as shown in fig. 4. The range is 
displayed vertically and azimuth horizontally. Since the scanner 
searches for target in range and azimuth only this type of indicator 
is usually suited to radars employed for circular scanning over a 
limited sector. 


For such type of display, the beam is deflected vertically with 
lmear sweep, starting at the bottom at the instant each pulse is 
transmitted. The reflected signal intensifies the spot if it is mucn 
above the noise. The horizontal deflection is obtained by feeding 
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Fig. 4. Type B indicator. 


the current proportional to the angular rotation in azimuth to the 
horizontal deflection coil from a potentiometer mounted on the 
scanner. Thus this indicator gives a distorted picture of space 
currents — projected on a horizontal plane before the radar. 


Type C Indicator : This indicator presents the target by inten- 
sity modulation and indicates the angular position (azimuth and 
elevation) of the target in rectangular co-ordinates. It does not 
provide range measurements and should, therefore, be used vdth 
type A or type B indicator to furnish target information in tnree 
co-ordinate systems. 



Fig. 5. Type C Indicator. 

Plan Position Indicator (P. P. I.) : This type of indicator 
closely resembles with type B indicator which presents the target 
by intensity modulation of cathode ray beam. P. P. I. gives a 
map-like representation throughout 360° or any particular sector 

desired, without distortion. In this indicator, a sawtooth timing 

wave deflects the spot on the screen of cathode ray tube radially 
outwards from the centre. This saw tooth wave is so synchronised 
with transmitted pulse that the distance of the spot from the 
centre gives the target distance. Th eangular deflection of the spot- 
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caused by the saw tooth timing wave corresponds to the direction 
m which the antenna beam is directed at that moment. The control 



Fig. 6. P.P.I. Representation. 

tw r °i? e < r at ^ lo< ^ e ra y tu be is biased just greater than cut-off, so 
cifi t W .? e °h° e s are applied to this electrode, the spot is inten- 
1 e giving range and azimuth on a map. Magnetic deflecting 
coils that are rotated synchronously with antenna are employed to 

fig *6^ rac ^ a * deflection. A P.P.I. presentation is shown in 

33 3. OPERATING CHARACTERISTICS OF RADAR 

SYSTEMS . 

The performance of a radar system depends upon the factors 
such as the desired operating range, the accuracy of the acquired 
aata and nature of the targets; and these factors, on the other hand, 
depend, upon the choice of operating frequency , pulse duration and 
repetition raie % the power output of the transmitter , choice of indi- 
cator type , sensitivity and band-width of the receiver , and radiation 
pattern of antenna . 

Choice of Operating Frequency : 

irvrvr^ 08 * P u ^ se rac ^ ar systems operate at frequencies from above 
1000 mo/s. to about 70,000 me /s The use of such high frequencies 
has the advantages that ; 

(/) at such high frequencies a sharp and well confined radia- 
tion beam can be achieved with an antenna structure of relatively 
small physical size, 

(//) higher the frequency, shorter may be the transmitted 
pulses which provide good range resolution. 

. ^he use bigh frequencies also suffers with the following 
main disadvantages ; 
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(0 noise figure increases more with frequency, 
frequency isTncreST ^ ^ ‘ he ,ransmi,ler to be less as the 

Pulse Duration : 

fnrm F o° r 8 °° d res ° lving capabilities, short duration pulses in tb» 

fipZZZ 

^ ab0 “' °' 2 'onllo 

Pulse Repetition Frequency ; 

tW rhe P u]se repetition frequency is made sufficiently small .n 
that the time spent in the path between radar and dL nT L, t 

renethffin 6 ?^ 6 * 1 ^ inte ^ val between transmitted pulses. Pufse 

<io°u"rV.e? 00 CyCieS ' Sh ° r ' ra " £e radars “5 X repeth 


Transmitted power output : 

To detect targets at range upto several hundred miles trans- 
mitter peak power output of more than one megawatt mav be 

F ° r a P articu,ar radar transmitted power is determined 

infor maximum distance over which it is de^'™H to receive target 


A typical radar used for the detection of conventional aircraft 

at range of 100 or 200 miles might employ a peak power of the 

order of \MW,z pulsewidth of several micro-seconds, and a pulse 
repetition frequency of several hundred pulses per second. 

Maximum range : 


It depends upon the energy content of the transmitted pulses 
and (he sensitivity of receiver. For better sensitivity random noise 
generated in the input section of the receiver should be minimised. 

33 4. MAXIMUM RANGE OF A RADAR SET : 


We shall obtain an expression for the raDge of a radar set 
in terms of the factors on which it is expected to depend. Let us 
denote : 

R = distance to a target, 

S=equivalent area of target, 

p^power radiated from transmitter, 

T^echo power absorbed by receiving antenna, 

empower gain of transmitting antenna relative 
to isotropic radiator, 

(? r = power gain of receiving antenna relative to 
isotropic radiator, 
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A 

■do 

A 

Ap 

A 


■■ wavelength, 

capture area of receiving antenna, 
aperture area of receiving antenna, 

k (a constant having value O' 5 per parabolic 


antennas and O' 9 for mattress antennas) 
The surface area of sphere of radius R=4nR 2 . 
Transmitter power in beam direction=P ( G<. 
Therefore, the power per unit area of the target 

PtG t 


AttR 2 


...(f) 

scattered in 


This energy strikes the target and a part of it is 

the direction of the radar antenna. We assume that the strength 
oi echo received is equivalent to the strength of wave received by 
this antenna it it were radiated by a section of wavefront of area 
o from an isotropic radiator located on the target i.e. the amount 
ot echo power received by the antenna is equivalent to the power 
scattered by an effective area S of the target. 

• • Echo power per unit area at the receiver 

*j£± x Sx 1 

4 nR* X * X 4**3 * ...( 2 ) 

Therefore, the total power delivered to the receiving system or 
receiving power, 

.Pr=echo power per unit areaxcapture area 

_Pi Gt s.A 0 . 


~(4 kR 2 )* 
Now gain of receiving antenna 

4nA 0 

r A a 
4nkA 


...(3) 


since k 



A 2 \ A , 

since the same antenna is used for reception and transmission, 

G r =Gf. 

Therefore, the equation (3) becomes 

PtG r 


...(4) 


Pr 


.SA 


(4 nR 2 )* 

Substituting the values of G, and A 0 , we get 

A y a 


p*. 


Pr 


4-rrkA 
A 2 


• i SkA 


(4t iR 2 ) 2 
Pt-k a .A 2 .S 


4ttK 4 .A 2 


* Electromagnetic Waves and Radiating Systems by E.C. Jordon. 


...( 5 ) 


Radar and Television 


1561 


bv the receiver ‘ he m ! niraum “«W, that can be detected 

the rair-wili be Um Va,Ue ° f A ” the so “lied range 


R 


mar* 


Pt k 2 A 2 .S I 1 ' 4 


...( 6 ) 


_4ttA 2 (/>,)„ __ 

The expression, therefore, shows that the maximum ranee for 
the minimum detectable energy is proportional to the fourth root 
of transmitter peak power, to the square root’of the antenna area 
nd inversely to the square root of wavelength. The effective area’ 
S, on which range also depends, is different for different targets’ 

nlf n ^t Ve 7n argG boraber 11 is ! 50 S£ l- metres, for small fighter 

even f ,S °ii Sq '- metres > Rma *- iS of the order of several kilometres 
even for small airplanes. 

33 5. RADAR TRANSMIT TING SYSTEMS 


In radars operating upto 600 mc/s. power is usually drawn 
from triode tubes in a resonant line oscillator circuit. For higher 
operating frequency, cavity magnetron is suitable for generating 
nigh peak powers. High power klystrons are also being used as 
an alternative to magnetron. Modulators which are employed in 
radar transmitting circuits to generate pulse of appropriate length, 
amplitude and repetition rate for the application between the anode 

and cathode of the power tube of the radar, transmitter, are com- 
monly of two types : 

(0 Line pulser, 

00 Hard tube pulser. 


ft- ft Choke 





Phyra/ron 


Magnetron 



Fig. 7. Ca) A line pulser. Fig. 7.(b) Equivalent circuit with 

switch closed. 

Line pulser : A typical line pulser is shown in figure 7 (a) 
The thyraton functions as a trigger switch and the load impedance 
represented by magnetron equals the characteristic impedance of 
transmission line. Equivalent circuit is shown in figure 7 (b). 
During the interval between the pulses, transmission line is charged 
to a voltage E b through inductance L and diode T a for the latter 
is necessary to permit the passage of charging current as magne- 
tron does not conduct when its anode is negative. 

By closing trigger switch, pulses are formed and thus the line 
is terminated with a load Z Y equal to its characteristic impedance. 
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The energy stored in the line then discharges into the load impe- 
dance and during discharge period, voltage developed across impe- 
dance load is E b /2. The duration of discharge is equal to the time 
taken under such conditions i.e . the trigger switch being ideal 
one — acting simultaneously and load resistance being equal to the 
characteristic impedance at all frequencies, the line pulser produces 
an ideal square pulse. Line pulses can be operated at a sufficiently 
high power level. 

(ii) Hard Tube Pulser : Circuit is shown in the fig. 8 (a). 
Triode tube Ti is biased beyond cut-off, so that during the interval 
between the pulses, this tube carries no current and capacitor C is 




C 

“ft/ — 


Dr/v/'/jg 

pv/ses 


Is 


Te 


£ 6 


^ Oiocte - 4 - 

(a) Acfva/ c/z-cv/f (6) £qc//Werrf 

(Crrccr/t 

Fig. 8. (a) Hard Tube Pulser. 

( b ) Equivalent Circuit. 

charged upto plate supply voltage E b through very high resistance 
R and series diode T 3 . Now some positive pulses are applied to 
the control grid of T x to drive the grid slightly positive due to 
which it offers very low impedance. The equivalent circuit of the 
system takes the form as shown in fig. 8 ( b ) during the period of 
pulse, in this case the condenser C, initially charged to plate 
supply voltage E b is connected directly across the load impedance, 
i.e. across the oscillator, and thus applies full voltage E b to the osci- 
llator. The capacitor C should be sufficiently large so that during 
its discharge through impedance, the frequency and power output 
of the oscillator are not markedly changed by the potential across 
this capacitor. This type of pulser is more bulky and more expen- 
sive. 

The pulse repetition frequency of the modulator is determined 
by a blocking oscillator or multivibrator. The pulses of required 
character are produced by exciting the multivibrator by a sine 
wave which has been differentiated and clipped properly. 

33 6. RADAR ANTENNAS : 

Directional antennas are always used in radar system to in- 
crease the range and better angular resolution. 

The measure of sharpness and directivity of the radiated beam 
from the antenna is, however, dependent on its requirements. If 
the radar is being used simply to locate the position of the target 


Tz 
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Md not the height from horizontal, then a sharp beam is radiate 
heigh, of the targe, is an impor.an, factor, then'for an^ S 

determination of the angle of elevation, an intense narrow beam is 

sent in the vertical plane. The previous is named as ‘ground based’ 
air-search radars’ type while the latter as ‘height finder radars’ Air 
borne radar (used on aeroplane) is used lor navigational aid the 
direction pattern of which is shown in figure 9. The field st Jen mh 
of such an antenna pattern is proportional to the cosec of anGe 
d except when d approaches 
0 and 90° and power radiated 
is proportional to cosec 2 0. 

Thus the strength of echoes 
received from a particular 
target at a given altitude 
becomes independent of dis- 
tance over the range of verti- 
cal angle 6. 

The directivity is also a 
function of frequency used 

in radar because at low fre- Fig. 9. Constant directional pattern 

quencies of the radar of 100 to 20 J mc/s. a sharp narrow beam is 

difficult to be produced even with antenna of large physical size 
while at frequencies 3000 mc/s. an antenna of smaller size can serve 
the better directivity purposes. Ground radars, operating in fre- 
quency range 100 to 200 mc/s., normally employ mattress antennas 
with reflectors. In air borne radars, Yagi antennas are usually used 
in the range 200 to 500 mc/s. while at frequencies of 300o mc/s 
and above parabolic reflectors are standard. To avoid confusion" 
it is necessary that the direction pattern of the radar antenna should 

be free from secondary lobes. Techniques are, therefore, emnlov' -h 
for minimizing minor lobes. ’ ” a 

In all types of radar, a mechanical motion of the anter na is 

accomplished to vary the direction of beam radiated from it The 

process is called antenna scanning. In radars used for naviga tional 
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Fig. 10. Scanning method’s representation. 
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purposes, scanning is performed by rotating the antenna about a 
vertical axis. In height-finder radars, scanning consists of a rapid 
rocker motion in the vertical plane with much lower azimuth scan 
about a vertical axis. 

Lobe switching : The angular direction of a radar target can 
be determined accurately by a process called lobe switching. In 
lobe switching, direction pattern of the antenna is switched rapidly 
in the direction OA and OB (fig. 1 1). A radar target in the direc- 
tion of ccq will then give equal echo signal for these two lobe posi- 
tions, while any target in the direction of a x or a 2 will give echos of 
unequal strength for the two lobe positions. 1 hus the direction otg, 
which gives echo of equal strength for the two lobe positions, is 
sharply defined and hence the angular position of the target is pre- 
cisely determined. 

In mattress antennas, the lobes are switched in two directions 
by connecting the transmission line alternately to one end and to 
other end of the antenna system by a mechanical switch as shown 
in fig. (11 (a). 

fx/s of eqoa/ aw/j/Z/oo'e 


and ref/ecfor 
(co) Lobe stvsYc/i/vg' 

Fig. 11. (a) Lobe switching in mattress antenna, 

(b) Lobe switching in parabolic antennas. 

In parabolic antennas, the process of lobe switching is accom- 
plished by placing the exciting antenna slightly off centre with res- 
pect to the focal point and then rotating it about the axis of para- 
bola at a rate which is less than pulse repetition frequency. This 
arrangement is termed as conical scanning. 

Effect of Ground on Radar Antenna Patterns : When the an- 
tenna is located near the ground, the directivity of its vertical patterns 
is largely affected. Fig. 12 (a) represents the directional pattern of 
an antenna remote from ground. For a grounded antenna of 
7 - 5 metres height above the ground and operating at 10mc/s., 
directional pattern assumes the shape as shown in figure 12 ( b ). If 
the operating frequency is increase 1, i.e. wavelength is decreased 
keeping antenna height constant, then the angle at which the first 
lobe appears from the horizon is lowered as shown in fig. 12 ( c ) 
and thus improves low angle coverage. If the antenna is tilted up- 
wards, a little energy would come in contact with ground and thus 
eliminating the ground effect, but the low vertical angle coverage 
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becomes poor. Pattern is shown in figure 12 ( d ), 

Pattern 



(a) No ground (b) Antenna of (a) located 7 - 5 maters 

above ground wavefengdt? 3 meters 




(c) same os (b) except wse/engrtb (d) Antenna or (a) titfect upward 
c/e creased to /meter 

Fig. 12. Effect of ground on directional characteristics of antenna. 

33 7. DUPLEXER : 

Generally for transmission and reception, the same antenna is 
used in all radars. This is accomplished with the help of a Dup- 
lexes Duplexer is the device that (1) switches the radar antenna 
to either the transmitter or the receiver, and (2) serves to protect 
the receiver from burnout or damage during transmission. It makes 
use of fast acting r.f. switches called as “T.R. (transmist receive) 
Boxes” and ‘A.T .R. (antitransmit receive) Boxes’. ‘A. T.R. Box’ is 
a ‘T.R. Box’ without output lead. 

T.R. Box’ consists of resonant cavities associated with special 
cold cathode tube containing gas at low pressure as shown in fig. 13. 
Transmitter pulse causes ionisation across the gap due to which 
resonance in T.R. Box’ is disturbed and thus a little transmission 
of energy from input to the output line occurs. Under such a 
condition, the box acts as short-circuited and thereby isolating re- 
ceiver when transmitter is operating. Layout of a Duplexer is 
shown in fig. 14 ( a ). Line sections AB and CD are made odd 
multiples of A/4 long. 


T ft 7a be 


Co a/ /a/ tap at 
from tine 


fte SOnar? f Chamber 

Co -or /a/ out pot- 
to rece/uer 



Coap/rngt 

Loop 


Fie. 13. Duplexer. 

Consider when transmitter is operating, A. T.R and T.R. boxes 
both are short-circuited and thus offer high shunt impedance to 
the line carrying energy from the transmitter to the antenna. 
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' — w Vf AJ 

?ic S ? q f Ue J 3tIy ’ i he pu . lses dire ctly reach the antenna and the receiver 
is isolated as shown in fig. 14 (6). 



TO *£CEJV£* 


{a) Layout of Duplexer system. 



(b) Equivalent circuit during transmission of pulses. 



(c) Equivalent circuit when transmitter is inoperative. 

Fig. 14. Duplexer action. 

Now consider when the transmitter is inoperative, i.e. at the 
end of a pulse. At the instant, the gas deionises atonce and the 
resonance will take place in the cavity and thus both T.R. and 
A.T.R. boxes act as open circuited as shown in figure 14 ( c ). The 
open circuit at D would place a very low impedance to the line at 
C and high impedance looking towards the transmitter from A, 
with the result that the whole incoming energy goes to receiver and 
not to the transmitter. 

33 8. RADAR RECEIVERS : 

Microwave superheterodyne receivers are used in radar sys- 
tems. The important characteristic is that they must have low 
noise figure and an appropriate intermediate frequency and video 
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bandwidths required to produce radar pulse. For the production 
o in ermediate frequency, a local oscillator is chosen according to 
radar operating frequency. For low frequency radars, high fre- 
quency triode oscillator serves the purpose, while for radars operat- 
ing at 2000 mc/s a reflex klystron is often employed. The popular 

intermediate frequencies chosen for radar systems are 10 mc/s, or 
60 mc/s. 

To detect the weakest echo signals, it is necessary that noise 
figure of the receiver should be as low as possible. About 1000 
mc/s., r.f. amplification is employed between antenna and mixer as 
a means of improving the noise figure. The bandwidth of the 
receiver is said to be appropriate if at one side it maintains the 
bandwidth as narrow as possible in order to reduce the minimum 
detectible power and on the other side it preserves the shape of 
radar pulse with maximum utilisation of the latter’s power. 
Highest signal to noise ratio is obtained with a band 1*5/7 app.' of 
an I.F. system, T being the pulse width. 

Since in radar operating at high frequency viz. 3000 mc/s., 
intermediate frequency is only a small percentage, it is necessary to 
use some automatic means of checking the intermediate frequency, 
/.e. to correct for any drift in local oscillator frequency. The 
discriminator circuit for it is shown in figure 15. The frequency 
of local oscillator and that of transmitter pulse are mixed in a 



separate mixer to reproduce intermediate frequency and ir applied 
to discriminator circuit. If standard intermediate frequency is the 
centre frequency of the discriminator circuit, then for the correct 
local oscillator frequency d.c. output developed by this circuit will 
be zero. If there is any change in local oscillator frequency, then 
difference of local oscillator frequency and pulse frequency will 
produce a frequency other than intermediate frequency and hence 
a d.c. output voltage, polarity of which depends upon oscillator 
frequency, will be developed across the discriminator circuit which, 
when applied to rcpeller electrode of klystron, will modify its 
frequency in right course. 
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In interval between the transmitter pulses, frequency of local 
oscillator, i.e. reflex klystron changes. The time constant of dis- 
criminator output circuit should be large as to keep the output 
voltage sufficiently constant during this interval, so that frequency 
changes in reflex klystron will be approximately less than the band- 
width of intermediate frequency amplifier. 

33 9. INDICATOR UNIT : 

This unit presents the output of radar in visual indications. 
Some presentations are due to the deflection of trace on the screen 
called deflection modulated presentation while some other are due to 
changing brightness of trace called intensity modulated presentation. 
We have previously described both these types of indicators. A 
type indicator gives deflection modulated presentation, while B and 
C types utilise intensity modulation of spot. Since the principal 
aim of the radar is to mark the range of target, all these types of 
indicators bear such provisions. For better pictorial representation, 
angular resolution is another characteristic of these indicators. 


33 10. DESCRIPTION OF RADAR SYSTEMS 

For various purposes, e.g. homeland safety and victory over the enemy, 
different radar systems are designed. A brief discussion is given below : 

(1) Cham Home Systems : It was first designed in 1935 for the location 
and detection of approaching aircraft bombers. The system for transmission 
consists of an array having fixed horizontal aerials and reflectors suspended 
from 110 metre masts. Due to this arrangement, pulse is spread out in a wider 
sector before the station, but a very little behind to avoid confusion with in- 


land aircrafts. Two pairs of the aerials fitted with radiogoniometers constitute 
the receiving aerials system-one pair of direction finding and other for elevation 
measurements. The echoes and transmitted pulse are displayed on the screen 
of a C.R.O. to determine the range of target by the echo delay time. 


(2) Chain Home Low System : The system was first introduced in 1959 in 

which transmitter operating wavelength was 1*5 meters (ultra short wave). 
The target ranges were more than 100 km. The aerial system, mounted on a 

turn table, was given a rotatory motion about a vertical axis at a low rate of 

six revolutions per minute. Beam width of 12° to 15° was employed. Same 

aerial was used for transmission and reception with the help of duplexer io 

order to secure maximum sensitivity. It is effective within the range of 5 km. 
from the target. 

(3) Ground Control Interpretation : The major difference with chain 
low system is that this system involves an indicator called plan position 
indicator (P.P.I.). Chain home low system is not efficient one for night 
fighters. P.P.I. was used n this system to bring the night fighters[ right direction 
before the 5 km. range is reached. Echo from the target intensifies the spot on 
the cathode ray tube screen at a distance and in a direction from the centre of 
screen which corresponds to the target range and angular resolution. When the 
radar equipment is rotated, echoes from the reflection source in the neighbour- 
hood region of the target produce bright spots on the screen at^different angles 
and thus predicting the whole plan picture. 
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(4) Centimetre Radar : The exact location of isolated targets, and ade- 
quate separation of closely adjacent targets, arc difficult, in above types of 
radar systems because the echo in such systems produces an extended patch 
and not a sharp weil-confined spot on the screen. To produce intense narrow 
beam, radio pulses of wavelength less than ten centimetres were used This, 
on the other hand, reduces the physical size of the antenna which in the case, 
tor better directivity, can be a parabolic one fhe use of such short pulse? 
demand more power and high sensit'vity of the radar receiver. 


33 11. USES OF RADAR : 

The performance of radar is unaffected by darkness, fog and 
rain. It, therefore, can be used under all weather conditions to 
find the positions of mountains, icebergs in sea, shore lines, lakes 
etc when installed in ships or high flying aeroplanes. The radar 
pulses can be used for discovering the positions of buried metal, 
oil and ores. Radar beckons help in Safe landing of aircrafts even 
m poor visibility due to heavy fog. 

Civilian Applications : Chief civilian application of radar has 
been for navigation, both marine and air. Air-tra. Tic-control radar 
monitors air traffic in the vicinity of airports and cn route between 
air terminals. In foul weather, radar is used wi‘h GCA •: ground 
control of approach) system to guide aircraft to a saf; landing. 
Cmirnercial aircrafts are equipped with altimeters to determine 
their height above the ground and weather avoidanc-* iadar to 
negative around dangerous storms. 

On the sea, radar is used by ships, large and small, for navi- 
gation, especially in bad weather or with poor visibility. 1 heir 
use in detection and tracking ot weather disturbances is significant. 

Military Applications : Radar is used by military for surveil- 
lance and for the control of weapons. Surveillance radars detect 
and locate hostile targets for the purpose of taking proper military 
action. Examples of such radars are those in D. W (Distant Early 
Warning) line for the detection of aircraft ; the HMEVi- S (BaMRlic 
Missile Early Warning System) radar for detecting and tracking of 
intercontinental ballistic missiles ; shapboard surveillance nuiats ; 
the AEW (Airborne Early Warning) radars ; and At (Airborne 
Interception) radars used to guide a lighter aircrafts to its target 

and bombing radars. 

Scientific Applications It can be used as measuring tool, 
radar has vastly increased our knowledge of meteorology, aurora, 
meteors, and other objects of the solar system. Ridai can be used 
to guide space vechicles, satellites and for the explanation of inter 
planetary soie*. in addition . the techniques developed tor radar 
have paved the way of more advanced lesetr^hcs m microwave 

spectroscopy, radio -as t ronomy. 
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i™ Jc ele S'- 0n is the eIectrical . transmission of transient visual 
images ^ SyStem C3n transmit sound synchronously with visual 

33 12. GENERAL PRINCIPLE OF IMAGE TRANSMISSION : 

it from 6 the tr Ulumin^?H Ch ^ ond \ to the !i S ht intensities reaching 

,i^ ht - ss I ‘ g J t ^ dark Portions of the object surface reflect small 
hght whiie brighter portions reflect a greater amount of liehni 

“ mto corresponding electrical variations, can serve the nur- 

^ ^ ransiT ^issioa. Such a device is called ‘ nick ud instru- 

ment These electrical variations cali-d video signal after amplitude 

A^“' r t= ,ted bj ! ' h ? in --=nUo"a a |™a P shto„: 

suitable signal after demodulation is applied to a 

variations £ r , eproduc ' n g the corresponding light intensity 

p.cture A /ao o . ? th f ba$ic Structure of the transmitted 

mission system ^ ^ &S micro P hone serves in sound-trans- 

ing voUae^immilfi 1 ?^ an °P tlcal image into a set ofcorrespond- 
Jhf transmu^ f k 15 Performed in steps. The whole scene, at 

brightness anrl’th-n • mt ° man y small pictures of varying 

definite seauenr? hv th^ 6 f)I ? tures are viewed instantaneously in a 

mission after fitr corresponding electrical signal for trans- 
s canned and tm -, U \ OU ' n !e ^ ev ‘ s ‘on 25 complete images are 

The whole”nr3^ C f • ° Pr ° V ' de a desired d =gree of infagf detail, 
foliows process of image transmission can be stated in brief as 

ofanltSr 1 ,mageof the ob Ject of scene is focussed, by means 
a camera tube ° S System ’ on a pb°to sensitive plate contained in 

fleeted ’ ma S e i. s scanned by a cathode ray beam which is de- 

the nho^n h ,en,v §ne , y ° r eie ctrostatical]y so that it traver.es 
me photo sensitive plate in an ordered sequence. 

bri oMnL l° 3cann mg. electrical variations corresponding to the 

aftlr ht mnrtn? f f he * CanDed eIe ment are produced. This video signal 

atter modulation is transmitted. 

a <j£ ,e :r n transaiitt ' r sends . out two separate r.f. carriers over 
faudm signal^ 113 " frequency-modulated by sound 

Dicture inf the other is amplitude-modulated by the 

picture information or the video signal. 

with i tht C v Vi^ pUlSeS "T Cal l cd i y ncfl '’onising pulses, is also transmitted 

in sten with th Slgr,al to keep the scanning sequence at the receiver 
m step with that at the transmitter. 
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33 13. RECEPTION OF SIGNALS :] 

At the television receiver both audio and video signals are 
picked up by the receiver antenna and then subjected to hetero- 
dyne action by the conventional superheterodyne receiving circuits. 
After suitable amplification by the r.f. amplifier, both signals are 
applied to video detector. This detector separates audio I.F. signal 
from video I.F. signal, and then demodulates video signal. Audio 
I.F. signal after separation is subjected to frequency demodulation 
circuit. 

Video signal is applied to a cathode ray picture tube, for the 
image reproduction. The synchronising pulses are applied to beam 
deflecting circuits of the tube to keep picture scanning at the screen 
in step with that at the transmitter camera tube. 

Now we shall discuss television system in the following steps : 

(1) Pick up instrument, 

(2) Image scanning sequence, 

(3) Scanning synchronisation, 

(4) Television transmitter, 

(5) Television receiver, 

(6) Vestigial side band transmission. 

33 14. PICK UP INSTRUMENTS : 

Iconoscope , imagc-orthicon and vidicon are important elec- 
tronic scan camera-tubes which find wide applications these days. 

(1) Iconoscope : Schematic diagram is shown in figure 16. The 


Mosaic 



Fig. 16. Iconoscope. 
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optical image is focussed on a photosensitive surface called mosaic , 
which consists of a large number of minute globules of caesium 
silver compound discretely deposited and insulated from each other 
by mica on one side of mica sheet. The other side of mica sheet 
is coated with conducting material such as a graphite or a metal 
him. A load resistor, across whicn signal voltage is developed, is 
connected with this back electrode. The optical lens system focusses 
the image on the mosaic. Each globule emits electrons in propor- 
tion to the brightness of the particular image portion superimposed 
on it. 1 uc to this loss of negative charge, the potential of globules 
is raised, since these tiny globules with conducting globules on the 
other side of mica sheet form several tiny condensers with mica as 
dielectric. Thus due to loss of negative charge these condensers 
are charged inaccordance with brightness of the portion of picture. 
1 his e metrical image stored on the mosaic cannot be transmitted 
as a whole but the individual picture elements are scanned one at 
a time by discharging the globule capacitors in an orderly sequence, 
ihis is done by impinging an electron beam on the picture ele- 
ments m a sequence governed by the deflecting coils for this beam. 
The scar ning is from left to right and top to bottom of the mosaic, 
one line at a time. When the beam impinges on a particular globule, 
it restores the charge lost by the photo-electric emission, i.e. 9 tiny 
condenser is discharged through load resistor ; the discharge 
current develops the corresponding video signal across the resistor. 

The main drawback of this pickup device arises due to the 
secondary electron emission which occurs when high velocity scan- 
ning electrons strike the mosaic. Some of these emitted electrons 
are drawn off to a collector electrode while others return to mosaic 
and thus produce improper charge distribution for a given image 

This drawback is removed in another pickup device called image- 

orthicon. 

(2) Image Orthicon : It is a sensitive tube and is capable of 
handling a vide range of light values and contrast. In a single 
envelope, it includes three sections : 

(a) Image section : This section includes : 

(0 a photo sensitive surface, called photo cathode, operated 
at a very large negative potential. 

. . 00 a target plate which is a thin plate of glass of low resis- 
tivity. Thickness is less than 0*0002 in. 

(iii) a screen located very close to target plate and has about 
500,000 openings per square inch. 

^ hea the optical image is focussed on the photo cathode, 
photoelectrons, in proportion to the amount of light impinging, are 
emitted. Most o r the photoelectrons pass through the screen and 

ait the target plate. As the photoelectrons are accelerated to several 

- undred electron volts, they liberate several secondary electrons 
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Fig. 17 . Image Orthicon. 

secondary electrons from target plate leaves a distribution of 

positive charge on its surface. The low resistivity oft trget plate 

resists the lateral charge How on its surface and thus the imase 

% 

charge pattern, formed on t he plate, is truly restored as such. Since 
the plate is thin, this charge pattern also appears on the other side 
(away from screen) of the plate. 


( b ) Scanning section : Tne otherside of the plate is now 
scanned by a beam of low velocity electrons generated by an elec- 
tron gun. The beam is deflected on the plate by vertical and 
horizontal deflection coils (shown in fig. 17). Deflection in vertical 
and horizontal direction as well enables the electron beam to scan 
the whole plate. This beam gives up the number of electrons 
required to neutralise the positive charge at that point and thus 
the returning electron beam varies in magnitude inaccordance 
with tne brightness variation of the image. It should be noted here 
that since the target portion affected by the white portion of the 
image will be much positively charged and hence the electron beam 
has to give up large number of electrons to neutralise the positive 
charge at that point, i.e. the intensity of returning electron beam 
is much reduced and the video signal developed across the output 
resistor for this part will be small It, therefore, concludes that the 
brightest part of the image are transmitted as the signals of low' 
amplitude which is very advantageous in avoiding the effect of 
strong noise at the receiver. 

(c) Electron multiplier section : 

■ An electron multiplier is located within the pick up tube to 
amplifying the electron density variation in the ieturning beam. 
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(3) Vidicon : This camera tube is based on the photo-conduc- 
tive properties of semiconductors i.e. decrease in resistance with 
the amount of incident light. The tube is shown in fig. 18. It 
consists of : 

(/) Signal plate : Which is a conducting metallic film very thin 
so as to be transparent. The side of this film facing cathode is 
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Fi>. 18. Vidicon camera tube. 

coated with a very thin layer of photoconductive material 
(amorphous selenium). This side is scanned by electron beam. 
The optical image is focussed on the otherside of this film. 

(i'j) Scanning System : The electron beam for scanning is 
formed by the combination of cathode, control grid 1, accelerating 
grid 2 and anode grid 3. The focussing coil produces an axial 
field which focusses the beam on the film. Vertical and horizontal 
deflection of the beam, so as to scan the whole film, is accomp- 
lished by passing saw-tooth current waves through deflecting coils 
which thus produce transverse horizontal and vertical magnetic 
fields respectively. The alignment coils are for initial adjustment 
of the direction of electron beam. 

Operation : When the scanning beam passes over the photo- 
conductive material of the signal plate, it deposits electrons so that 
potential of this side of plate is reduced to that of the cathode. But 
the otherside of the film (plate) is still at its original potential. 
Consequently a potential difference across a given point on the 
photoconductive material is created. It is approximately 30V. 
Before the next scanning (which may be done after an interval of 
1/50 or 1/25 sec.), the charge leaks through photoconductive 
material at a rate determined by the conductivity of the material 
which, in turn, depends upon the amount of incident light. White 
portions ot the object will project more light on the film and make 
it more conductive. Thus charge leaked to photoconductive side 
of the film will vary according to illumination of the object. As a 
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result potential at every point on the photoconductive side will 

vary. Now the electron beam again starts scanning the photo- 
conductive side ot the film but this time the charge deposited by 
the beam inorder to reduce its potential towatds zero (cathode 
potential) will vary with time. Therefoee current through load Rl 
(and hence the output voltage) will follow the changes in potential 
difference between two surfaces of the film and hence follows the 
variations of light intensity of success ve points in the optical 
image. 

Advantages : 1. Low Cost 

2 Simple adjustment 

3. Sensitivity is large 

4. Resolutions of the order of 350 lines can be 
achieved under practical conditions 

Disadvatcges : 

1 Owing to the fact that the resistance of the photoconductive 
film does not change instantaneously with change of light intensity, 
different levels of light intensity are adjusted with slight time lag. 

2. The response characteristic is non linear. 

33 15. IMAGE SCANNING SEQUENCE : 

There are two types of scanning — one, the progressive or Simple 
scanning [fig. 19 (a)] and the other, interlaced scanning [fig. 19 (b)]. 
The latter is very much adopted these days. 

(a) Progressive Scanning : 

During the process of scanning the horizontal and vertical 
beam deflection circuits operate simultaneously, so as to cross the 
image in downwards slant line as shown in fig. 19 (c). On reaching 
at the end of each line, scanning spot retraces horizontally to the 
starting point of succeeding line. To make this retrace invisible a 
blanking pulse is applied to the control grid of the electron gun. 
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Fig. 19. Scannldg sequence. 
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ct picture and camera tube. For picture tube, these blanking 
pulses are transmitted along with video signal. To keep scanning 

at picture tube in step with that at camera tube, horizontal and 

vertical synchronising pulses are also sent along with blanking pulse 
a-cJ are superimposed op the latter. The number of horizontal lines 
scanned has been standardised at a total of 625 per image or frame 
and 25 such frames are scanned per second. 

ir) Interlaced Scanning : In India, 25 frames are scanned per 
second, i.e. the frame repetition rate has been standardised at 
2e ner second. Despite repetition rate, a. ceitain amount of 
tiickcr is soil present. To eliminate this residual flicker each frame 
shown tv* ice on the fee. the picture tube. It is called interlaced 
scanning. As shown m he 19 (b), first seouence A starts and 
.•scanning of every line except next occurs, i e y 625/2 = 312*5 lines 
ar ' scanr-rd. then the spot after reaching the bottom of the image 
uf'M in ?50 jcconds, reo »ns -to the top of the image area and 
own occ n:< i n g of sequence /i starts. Rest 312*5 lines are now 
scanris d in I seconds Thus two fields are shown in each frame 
wit!? repi .Nu t. tate of 5- oer second for each field. The picture 
dement always ^bears a \;: i\o of width to the height, called aspect 

ratio, of 4 ; 2 that is vvicth is 1*33 times the height of the picture 

i rain c. 

’vio: O/. 5 horizontal rues in each frame and 25 frames being 
scanned per second the iota! number of horizontal lines scanned 
per second is 625x25--- 1 .\625 fines. The horizonal repetition 
rate or line scanning frequency is thus 15,625 c/s. As the frame 
scanning frequency is 25 c/s and each frame is scanned in two 
fields, the field scanning frequency is 25x2 = 50 c/s. 

Provision for Scanning in Transmitter : 

The movement of the electron beam during the scanning 

proceses is accomplished by the application of saw tooth waves to 

t * e horizontal and vertical deflection elements of the camera tube. 

Such voltage waves, for picture tube, are generated by saw tooth 

generator when triggered by the synchronising pulse sent with 
blanking pulse. 

To control the duration of each scanning line and the scanning 
sequence, the saw tooth generators are triggered by a series of 
carefully timed pulses For instance, the time ‘H' allowable for 
sweeping a horizontal line is 1/15,625 second or 64 micro seconds. 
This includes a retrace time of about 0*15 H of the total time i.e.. 
y 6 microseconds. Therefore duration of each scanning line is 
normally set at 64-9*6=54*4 micro seconds. Thus a train of 
horizontal synchronising pulses is generated at a rate of 15,625 

pulses per second in order to trigger the horizontal-deflection saw 
tooth generator at intervals of 64 /xj. 
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It is to be n° te d thaitime for sweeping a vertical field is 
considerably longer, being equal to 1/50 seconds. The retrace is 

1 /o lrace time. Thus a train of vertical synchronising 

pulses is generated at the rate of 50 pulses per second to trieger 
the vertical deflection saw tooth generator to maintain the repeti- 
tion rate of 50 c/s per second. 

33 16. SCANNING SYNCHRONISATION : COMPOSITE 

VIDEO SIGNAL : 


To produce a true and undistorted picture it is necessary that 
the scanning process at the transmitter camera tube£should be’ quite 
in step with that at the receiver picture-tube Thus the timing 
pulses generated by the synchronising generator to trigger ihe saw 
tooth generator for vertical and horizontal plates are not only 
applied to the transmitter camera tube system but also transmitted 
to the receiver along with the image signals. Af the ncw.vcr 
these triggering pulses are separated from !he signal components, 
which are then differentiated (horizontal synchi 'rising pulses) a id 
integrated (vertical synchronising pulses) tc trigger aw- tooth \>ave 
generators for the application of saw-tooth voltage to horizontal 
and vertical deflection plates of picture tube respectively. Blanking 
pulses are also transmitted to cut off the deem . be: m during 
horizontal and vertical retrace lime. 


In fig. 20 a blanking pulse along with superimposed horizon- 
tal synchronising pulse and video signal for two successive horizon- 



Fii>. 20 Transmitted signal for scanning lines alongwilh 
blanking and synchronising pulses. 

tal scanned lines are shown. This set of pulses alongwith signal n 
called composite video signal. The amplitude ol blanking pui.se is 
sufficient to cut off electron beam. The amplitude of svr.chroming 
pulse is greater than blanking pulse and therefore it can be sepa- 
rated from signal and blanking pulse when applied to a clipper 


1578 


Hand Book oj Electronics 


circuit which clips off all signals below the blanking level so 
that only the synchronising signals are permitted to pass. This 
is illustrated in fig. 21. The clipper circuit consists of a pentode 



Fig. 21. Action of synch, separator. 

tube with a low screen grid voltage. The composite signal, in 
which the synchronising signals must be positive going , is applied 
to the control grid. The circuit is designed for d.c. restoration at 
control grid so that synchronising level is approximately at zero 
volt. Because of low screen voltage, the grid bias is very limited 
and the picture signal are well beyond cut off. Thus plate current 
of pentode will correspond to synchronising signal only and gives 
isolated synchronising pulse. The isolated synchronising pulse is 
then applied to a horizontal deflection saw-tooth generator. 

As the last line of a field is scanned, a low blanking interval 
occurs in which a number o f pulses are generated by the synchro- 
nising generator as shown in figure 22. 



Fig. 22. Vertical and horizontal synchronis ng pulses. 
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It consists of 

(0 horizontal synchronising pulses for the last three hori- 
zontal lines of field, 

(//) six equalising pulses somewhat smaller in width than 
horizontal pulses, 

(Hi) a long vertical pulse group divided into six individual 
pulses by the serrations, 

(z'v) Three more horizontal pulses for first three horizontal 
lines of the next field. 

Each vertical pulse extends over a period of three horizontal 
lines, the serrations or notches being inserted at half line intervals. 
Due to the insertion of such serrations, it is possible to maintain 
horizontal synchronisation while the vertical synchronisation is 
being accomplished. Following these vertical synchronising pulses 
are equalising pulses. As is obvious from scanning discussion that 
scanning of sequence B ends in the middle of the line while that 
of sequence A ends at the end of a line, both fields are out of phase 
by one half cycle. Thus, to secure required interlacing synchro- 
nising signals for alternate fields, these equalising pulses are 
provided. 





Fig. 23. ( c> 


Fig. 23. ( b ) 
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At the receiver, separation between the vertical and horizontal 
synchronsing pulses is accomplished on the basis of the difference 
in their duration. Horizontal synchronising pulses are applied to 
a differentiating circuit to give a pulse shown in figure 23 (a) or 
24 (b) while vertical synchronising pulses are applied to an integra- 
ting circuit to give a voltage \ariation like figure 23 ( b ) or 24 (c). 
The amplitude rises to a level which is above the synchronising 
control level for vertical deflection saw tooth generator only during 
the vertical synchronising pulse interval. The differentiated output 
is applied to trigger horizontal deflection saw-tooth generator. 
Equalising pulses associated with vertical synchronising pulses help 
■/a secure the same v<ave-torm at the end of each field scanning. 

MORE ABOUT COMPOSITE VIDEO SIGNAL : 

As explained earlier video signal is composed of : 

(0 camera signal carrying picture information, 

(//) synchromsing pulses to synchronise the scanning at 
transmitter and receiver, and 



blanking pulses to make the retraces 
invisible. 


during scanning as 


In fig. 20, we have depicted the composite signal. Note that 
amplitude of the video signal is divided in two parts \ the lower 
(75±2*5j% being used for camera signal and upper (25 + 2*5)% 
for synchronising pulses. The camera signal is transmitted using 
a standard negative polarity ot transmission which implies that 
white parts of the picture are represented by low amplitudes in the 
transmitted picture carrier signal whereas higher amplitudes corres- 
pond to darker picture information until black level is reached 
*hich is the fixed level at (75 + 2 5)% of maximum signal amplitude. 

Black Reference Level : This level is constant at 72’5% ampli- 
tude and independent of picture information. When the image is 
reproduced, 72 # 5% of the video s gnal corresponds to the grid cut- 
off voltage of the picture tube and the absence of light. A black 
level is thus established. This level serves as the reference level in 
defining the brightness values of various shades of white and grey. 

The Blacking Pulses : They are included in the composite 
video signal in order to make the retrace lines invisible by raising 
the signal amplitude to black level during the time the scanning 
circuits produce retraces. The horizontal blanking pulse blank the 
retrace from right to Jett in each horizontal scanning line. The 

repetition rate of these pulses is therefore, equal to the scanning 
frequency 15,625 c/s The vertical blanking pulses blank the retrace 
when electron beam retraces vertically irom bottom to top in each 
field. Therefore their frequency is 50 c/s. 

(a) Horizontal Blanking Time : The interval between hori- 
zontal scanning lines is indicated by H (fig. 22) and is the time for 
scanning one complete line, including trace and retrace equal to 
1/15,626 sec. or 64/x sec. Since horizontal blanking pulse has a 
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widtn about 18- * to 19 2 nerrrnf n r w .u . . 

time is 019x64,. sec. for //which equals P-te^ lal S' 3 "* 1 "* 

for visible scanning is 64 — 12- 16 = 51 84^ sec. The time 

:z?'° q z: svsrjt s t e avcrase 

to 4-S r ,ec' , r L raa ' ni "f half of ' hs blanki ng time, which is also 4-5 

***& M^'SreV'syn *£?£ %£i ,k? T t* *k 

porch £ o'oUaoZl // or ^sfoVs 't? ’’*% 

0'06 ,o 0-84 // orI/84 {o°5*4,I sec! ' ft,* bec^s^e ?£* 

se" gL 'l s' 3 ",. thC fr ° n ! / orc f h rhus oul » r total blanking of 12 16/. 

5 V sepVoTthe b?ck &ST P ° rCh ' «• f “ »“>* 


mJtl V 7' iCal B, T ckin * ,ime '■ The vertical Wanking pulses 
ra.se the video signal amplitude to black level so that the scanning 

beam is blanked out during vertical retraces. The width of the 

vertical blanking pu| se is ffl8to22) tf+121* sec. i.e , 1164 to 

i42U/i sec. j he interval between scanning lines is 6 4fi sec. There- 
fore in this vertical blanking time of I40(V sec., say. about 22 lines 
are blanked oul in each field or 44 lines in the frame. 


33- 17. RESOLUTION AND BANDWIDTH IN T V. SYSTEM : 

vVe know that for transmission, T V. picture is divided into 
a number of horizontal lines and each line is scanned by the elec- 
tron beam of the camera tube. Each line may be further considered 
as consisting of a large number of picture elements or in other 
words, the whole picture may be thought of as consisting of a large 
number of picture elements. But there is some limitation to the 
faithful reproduction of picture elements which arises on account of 
the fact that any change in light intensity of the image in vertical 
direction occuring in a distance les* than the width of the line 
cannot be reproduced and thus if there is to be as much detail in 
the horizontal direction as in the vertical, the picture elements 
must be of the same size as the distance between the lines. The 
most detailed pattern that can be transmitted is chequer board 
pattern of black and white squares as shown in fig. 25. With an 
aspect ratio (width height) 4/3 and 625 lines every s-V sec, the 
number of elements to be scanned is given by 


/7 = 625x(Jx625) x25. 

Therefore the time for reversal from black to white in this case 
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Fig. 25. Chequer board pattern of TV image signal and corresponding 

electrical signal. 

and the time for a complete cycle, black-white-black, is thus 

T 3x2 

~625x4x625x25 SeC * 

and hence the frequency band covered by T.V. video signal is 


Band Width (BW) = 


1 625x4x625x25 

T~ 3x2 


= 6-5 mc/s. 

In actual practice it is found that equal horizontal and vertical 
details can be obtained provided a bandwith about 70 to 80% of 
6*5 mc/s is transmitted Therefore, in Indian TV system video 
bandwidth is kept at 5 mc/s. 


33 18 TELEVISION TRANSMITTER : 


Figure 26 shows the simplified block diagram of a television 
transmitter. The video signals obtained from camera tube are 
applied to a number of video amplifier stages. First stage is locaied 
in camera housing to increase weak signal voltage to such a level 
as to be transmitted over a coaxial cable to the succeeding ampli- 
fier stages. 

Synchronising generator produces sets of pulses to operate the 
system at appropriate timings. This unit includes wave generating 
and shaping circuits, e.g. multivibrator circuit, blocking oscillator 
circuit, and clipping circuits etc. The repetition ’rates of these pulse 
trains are controlled by frequency stabilised master oscillator. 

The horizontal synchronising pulses are applied to horizontal 
deflection saw-tooth generator ; vertical synchronising pulses are 
applied to vertical deflection saw-tooth generator ; two sets of 
blanking pulses are applied to control grid of camera tube to blank 
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Fig 26 


Simplified block diagram of a television transmitter 


! t nn Ur !i n8 K VertlCal - and hoi ' izontal retrace ; and a pulse' train consis 
ting all above pulse groups is applied to video-amplifier channel 
for transmission to receiver. ^ cnannel 

The carrier frequency generated from a crystal controlled 
oscillator is passed through a number of frequency fnultiplier and 
amphfier stages. This results in the production of a carde? wave 
t ‘ d “ ired frequency and energy content. The level of image signals 

bagether with synchronising and blanking pulses, is raised to 

Sly e e m p,o“d r,er freqUe " Cy - A hi£h ' CVCl S rM raod “ la * i ‘>" » 

ca 7i er When am P litude modulated with video signal 
; W 5 mc/sj generates two sidebands and the total bandwidth 

required for TV channel would be 10 mc/s which is too large, 
therefore vestigial sideband transmission in which one sideband 

(say upper) is transmitted in full along with reduced second side- 
and is used. For this purpose, output of the final r.f. amplifier is 
pplied to a vestigial sideband filter which suppresses the undesired 
portion of the lower sideband of the modulated wave. The frequ- 
ency spectrum of such a sideband transmission is shown in fig. 27. 

The modulated r.f. energy is carried from transmitter to the 
nsnnttmg antenna by means of a coaxial transmission line. The 
enna elevation is kept high for larger transmission area. 

tra 8rn transrrdtler is used for the purpose of audio signal 
smission. The carrier frequency used in audio modulation is 

- mc/s. above that which is used in audio modulation. Both, 
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Fig 27. Frequency spectrum of vestigial sideband transmission with 
response characteristics for receivers used with such transmitters. 

,'und and picture signals are transmitted by the same antenna by 
sing a diplexcr called picture-sound diplexer discussed below. 

Picture- Sound Diplexer : The diplexer is shown in fig. 28. 



X' 


Fie. 28. Diplexer. 
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This system uses a balanced-bridge circuit to eliminate interaction 

between the video AM and the sound FM carriers when they are 
transmitted by a single antenna. 

The output from vestigial sideband filter is applied to the 

transformer consisting coils Z 3 and L x . Since feeding to L 3 is 

through coaxial cable in which inner conductor is above ground 

while outer at ground, unbalanced line condition exists. The centre 

tapped L x converts this balanced input to a balanced line section 
and is called as balurt. 

Bridge circuit consists of two inductive reactances L x and L z 
which are coaxial-cable sections. Other two arms consist R x and 
R z which represent radiators of the transmitting antenna. 

FM sound carrier is impressed across, points X and X', while 
picture signal from the L, balun section appears at Y and Y'. With 
balanced bridge equal voltages exist on both the reactive as well as 
the resistive arras. Hence, sound modulated carrier is present in 
both antenna radiators R x and 7? 2 But across points Y and Y' 
there is zero voltage for sound modulated carrier because any 
potentials at these points will have the same polarity due to which 
no current flows through L 4 (from sound modulated carrier). Thus 
interaction between sound and video-modulated carriers does not 
occur. On the otherhand, video-modulated carrier, applied at Y 
and Y' also sets up equal voltages across the arms of the bridge 
but because of the balanced bridge system no voltage correspond- 
ing to this video modulated carrier will appear at X and X' . There- 
fore again interaction between sound and video modulated carrier 
is prevented. 

In short, both modulated carriers develop equal voltages across 
arms of the bridge and at the same time no video modulated carrier 
is present at points at which sound modulated carrier appears and 
vice versa. 

33 19. TELEVISION RECEIVER : 

A simplified block diagram of a television receiver is shown 
in fig. 29. Both audio and video signals are subjected to super- 
heterodyne action at the same time. At intermediate frequency 
section both signals are separated. 

A folded dipole is used as a receiving antenna which offers a 
terminating impedance to the connected transmission line equal to 
the characteristic impedance to the latter. This possesses a better 
matching for maximum transference of the received energy. 

The next stage is tuned r.f. amplifier with a broad bandpass 
characteristic. The stage helps in achieving a good noise figure 
and providing image rejection. The desired television channel is 

selected by tuned circuits. 
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Fie. 29. Simplified block diagram of a television receiver. 

The r.f. signal then heterodynes in the mixer with a locally 
generated frequency to produce a lower intermediate frequency 
equal to the difference between the two signals. 

The output of this stage is applied to two sets of tuned inter- 
mediate frequency amplifier sections : one of these is tuned to sound 
intermediate frequency and the other to image intermediate fre- 
quency. The unwanted signals from each channel are removed by 
the application of rejection filters. 

The sound from i.f. signal thus obtained is then recovered by 
employing the stage of an f.m. receiver. The sound channel consists 
of an i.f. amplifier, a limiter and discriminator or a ratio detector, 
one or two stages of audio amplifier and loudspeaker. Image 
signal detector consists of a diode detector, the output of which 
will contain video signal and control pulses. This demodulated 
composite video signal is fed to a ‘sync’ separator where the syn- 
chronising signals are seggregated and separated from the image 
signals. The image signal is directly applied to the picture-tube 
and synchronising pulses are applied to beam deflection circuits to 
keep the scanning of electronic beam at the picture tube in step 
with that at the camera tube. 

We shall now give a description of sync, separator. 

Sync. Separator : Sync, separator circuit is shown in 
fig. 30(c). The sync, tips necessary for synchronisation of the 
vertical and horizontal oscillators, both relaxation type, are extracted 
from the video signal and blanking levels. The NPN transistor, 
used in the circuit, has no forward bias applied and thus is at or 
near non-conducting state. If required, some reverse bias may be 
applied so that only sync, tips will have sufficient amplitude to 
cause conduction and develop the output. 

K 

4 
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F, s- 30 (a). Sync, separatar and output circuitry. 

, . The sync, pulses (equalising pulses, vertical sync, pulses and 

horizontal sync, pulses, fig. 22) are applied to respective processing 

networks required for synchronisation of the vertical and hori- 
zonta] relaxation oscillators. 


Now refer to fig. 30 (b), which represents sync, tips that are 
input to sync, separator. We note that both equalising pulses and 
vertical sync, pulses have the same repitition rate but their 
durations differ. I hus, while each type pulse will synchronise the 
horizontal oscillator, only long duration vertical sync, pulse block 

w ! tri ?8 er vertical oscillator and short duration equalising pulse 
will remain ineffective as described below : 


The integrating circuit consisting y? 3 , C 3 and C 4 has a lorn 
tune constant for vertical block pulses. When short duration 
equalising pulses arrive, then capacitors are charged slightly for 
each equalising pulse but because the interval between the pulses is 
longer than pulse duration, these capacitors atorce discharge Thus 
ihis pulse group fails to build up a voltage (fig. 30 b) which may 
(rigger the vertical oscillator. On the other hand, vertical sync, 
pulses have longer duration and smaller time interval between 
them so that in their case, capacitors do not find time to discharge 
much. The result is that each vertical sync, pulse will build up 
voltage so that the voltage built up by the vertical sync, pulse 
group (fig. 30 b) is sufficient to trigger the vertical oscillator. This 

up is removed when next set of equalising pulses is 
input to the separator because now capacitors find time to dis- 
charge. Thus integrator becomes ready again to receive the next 
vertical block. 

For horizontal relaxation oscillator, the sync, pulses are applied 
tc the junction of phase detector diodes D y and D 2 , as shown, per- 
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nutting both diodes to conduct. A signal from the horizontal 
output amplifier circuitry is applied to the junction of capacitors 
C Q and C7. Thus a bridge is formed by the diodes and capacitors, 
and with in-phase voltages appearing at the diode junction and 



//7/vg r r<?/ L or oaf/ot/f 


Fig. 30 ( b ). Output of the integrator and input pises. u 

capacitor junction, a zero voltage appears across the top and 
bottom (ground) of the circuitry. This synchronises the horizontal 
oscillator which then generates the proper frequency. In case it 
does not generate the desired frequency then the phase of the 
signal fed back to the bridge phase detector will not coincide with 
the phase of the incoming sync, pulses and the bridge becomes 
unbalanced. Consequently, a voltage now appears at the output 
(across capacitor C 8 and at i? 7 ), which is applied to the input of 
the horizontal oscillator and corrects drift in the frequency. 

Multivibrator Vertical Sweep System : A multivibrator sweep 
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separator ar^firs? SyQchronisi ^ pulses from sync, 

consisting Rj C, J? a and V ° rf? thr ? u f h mtegrating circuit 

of & and £ 01 thlS Way COntro] the f ^quency of operation 

By C vaS * “*• ■*, ' comXs'shu^- 

™ turn, causes' the £££ 

S p"S M y JTJ?. *» K 

controls the vertical s.zeofthe image on ,£ face % the pX $ 


7? JvVu Cal deflection voi , ta g e is developed ac ross Q Bv varying 

me base om' n - SerieS 7' th ,9’ thc shape of the voltage'reaching 

is i f 9 ls . va i ncd > and hence the linearity of the image chat 
traced out vertically on the picture tube is controlled. ° 

of r r , P ° Se , ° f th ^ rm ‘ stor ’ r > is t0 maintiin the base voltage 

Jnnt d o tput - StagC> tlie col,ector of Q* becomes hotter due to 
cont nucd operation. This, in turn, causes an increase in the 

average current flowing through Q,. But as the current tends to 

ncrease, the res.stance of thermistor, T, will decrease, offsetting 

mroic C th eaS n In currcn | and maintaining a fairly constant voltage 

across the thermistor element. ® 


33-20. CHARACTERISTICS OF MONOCHROME 

TELEVISION SYSTEM ADOPTED IN INDIA 
(system B of CCIR*) 

A. VIDEO CHARACTERISTICS : 

(i) No. of lines per picture ..625 

(ii) Field frequency... 5 ) fields/sec. 

(iii) Picture frequency... 25 pictures/sec. 

(iv) Line frequency. ..15, 625 lines/sec. 
tolerance when operated ±0’1%. 
non-synchronously 

(v) Aspect ratio (width/height). ..4/3 


•International Radio Consultative Committee 
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:vi) Scanning sequence (line).. .Left to right 
i vii) Scanning sequence (field). ..Top to bottom 
viii) Nominal Video Band width.. .5 mc/s, 

R F. CHARACTERISTICS : 



Nominal radio frequency bandwidth...? mc/s 

Sound carrier relative to vision carrier... ;-0'5 mc/s 

Sound carrier relative to nearest edge of the channel 

... — 025 mc/s 


Nominal width of vestigial side band...0 75 mc/s 


Type of vision modulation.. .AM Negative 


Synchronising level as a % of peak carrier... .100% 
Blanking level as a % of peak carrier... (72* 5 to 77*5)% 

Difference between black level and blanking level as a% 
of peak carrier... (0-3 to 6*5)% 

Peak white level as a percent of peak carrier 



Type of sound modulation. ..FM 

Ratio of effective radiated power of vision and sound 

...5/1 


DETAILS OF LINE SYNCHRONISING SIGNALS (Firf. 31 a) 





Line period (?/)... 64 /x sec. 

Line blanking interval (a).. .18-5 to 192% of H (i.c. of 

64 /x sec.) (— 1 1 S to 12*3 /x sec.) 
Front porch (c)...2 to 28% of // ( = I’O to i*8 ^ sec.) 
Synchronising pulse (</).. ,7 to 7-7% of ii 

(—4*5 to 4' 9 n sec.) 

Bund up time (10 to 90%) of edges of line blanking signal 
(e) — 0*31 to 0*62% of H (=0*2 to 0*4 ,u sec.) 

Budd up time (10 to 90%) of line sync- pulse (/) 

...0*31 to 0*62% of It ( r-rO 2 to 0*4 /x sec.) 


DETAILS OF SYNCHRONISING WAVEFORMS : 

0) Fieid period (F)...2Q m sec. (=20,000 sec.) 

(ii) Line period (//)... 64 /n sec. 

(lii) Field blanking period ( /)...[( 18 to 22) // ;- 32] /* sec. 

(iv ) Build up time (10 to 90%) of the edges of field blanking 
pulses... 6 u sec. 


(v) Duration oi first equalising pulse sequence (/)... 2*5// 

(vi) Duration of synchronising pulse sequence (/;;). ..2*5 H 

(v d ) Duration of second sequence of equalising pulses(//) 

...2*5// 
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(ix) 

00 


/ • 


(viii) Duration of equalising pulses (/>)... 3’4 to 3'75% of h 

(= 2’2 to 2*4 sec.) 

Duration ot sync, pulses j'.e. interval between field 

sync pulses (r) 7 to T 7% of H ( = 4-5 to 4-9 M sec.) 
Build up tune (10 to 90%) of the edges of sync signals 
(5).. 0-31 to 0-62% of H (=0*2 to 0’4 /* sec,) 

IDEAL FREQUENCY CHARACTERISTICS OF VISION 
TRANSMITTER : 

Intermediate Frequencies : 

Vision— 38‘9 mc/s 
Sound — 33*4 mc/s 
TV Channels in India : 

Channel I 
Channel II 
Channel III 
Channel IV 


40- 

47- 

54 

61- 


47 mc/s 
54 mc/s 
-61 mc/s 
68 mc/s 



a 


F ‘S ■ 31 , a \ 


HZ! 





i > 


/*«*/ 




• > 


Details of line synchronising signals, H equals o4 M sec. 



Fig. 31 (b). Signals at the end ot even tields. 



Fig. 31. (c) Signals at the end of odd fields. 
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Fig. 31. (d) 


Details of equalising and sync, pulses. 


COLOUR TELEVISION 


If the reproduction in colour is desired, some means of trans- 
mitting information regarding the colour content of the original 
scene must be found. Satisfactory colour reproduction can be ob- 
taineci by making use of three properly chosen primary colours of 
specified spectral composition. A number of different colours can 
be formed by the combination of three coloured lights. Experience 
has indicated that the colours red, blue, and green, when combined 
with each other in various proportions, will produce a wider range 
of colours than any other combination of colours. Therefore, red, 
blue, and green colours are chosen. In this section frequency and 
other related data refer to U.S.A., TV system, 

33 21. COLOUR TV CAMERA : 

It is essentially a combination of three basic cameras. Light 
from the televised scene passes through the standard camera lens 
system and strikes at blue reflecting dichroic mirror. The red and 
green components of the incident light will pass through, but the 
blue light components are deflected to the ‘blue camera’ where the 
blue light is converted to a video signal. Next, the main light 
strikes a red deflecting dichroic mirror, and the red-light compo- 
nents are directed to the ‘red camera’ and are converted into video 
signals. Meanwhile, the remainder of the main beam, which is now 
only the green-light component, passes into ‘green camera’ and is 
converted into video waves. Thus light is converted into video 

waves corresponding to the red, blue and green components of the 
original colour scene. 

33 22. MATRIX1NG NETWORK : 

are not used to modulate the trans- 
mitter directly because the bandwidth required for separate trans- 
mission of three colour signals would greatly exceed the FCC limi- 
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tation of 6 mc/s. To solve this problem, modulation system 
proposed by National Television System Committee (NTSC) was 

adopted. This system has been so designed that its signal occupies 
no more than 6 mc/s. (video and sound both signals) and it carries 
j .°? v the full black and white (or monochrome) signal but. in 
addition, the colour information. Question is : how is all this 
information compressed into a 6 mc/s. band spread ? The answer 
is that since a video signal does not occupy every cycle of 4 mc/s, 
assigned to it, colour information can be inserted within 4 mc/s! 
Partial spectrum distribution of a monochrome signal is shown in 
fig. 32 (a). It is obvious that video signal (monochrome signal) 
appears in the form of ‘clusters’ of energy located near harmonics 
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Fig. 32. (a) Partial spectrum distribution -of a monochrome signal 

of the 15,750 cycle line. The energy is grounded around these 

points, which have relatively wide gaps between them. Since these 
empty spaces are not being used, colour information of NTSC 
colour television signal is placed in them fig. 32 (b). This process 
of placing the energy of one signal between the clusters of energy 


f?-A£J/SrA,YC£ //V ohms 
C-C dP'dCT/AA > C£ /V MCPOPA.9AOS 



Fig. 32. (b) The energy of colour signal is inserted in the gans between 

the energy of monochrome signal. 1 o.uvcen 

of another signal is called ‘inteneaving’. Thus a total colour 
signal consists ot two components— a monochrome signal, and the 
signal which carries information concerning colour. 
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(a) The Monochrome Signal : The black-and white or mono- 
chrome portion of the total colour signal is equivalent in all 
respects to present black-and-white signals. It is formed by com- 
bining the led, green and blue signals from their respective colour 
cameras with the help of matrixing network. They are combined 
in the same proportion as the eye ‘response’! to individual colour 
frequencies, or 

y=0'59G + 0-30A + 0Tl£, 

where y=a mathematical symbol representing the monochrome 

signal, also called luminance or brightness signal. 

G= green signal, A=red signal, 5=blue signal. 

Thus monochrome signal is composed of 59 percent of the 
output of the green camera, 30 percent of output of red camera 
and 1 1 percent of the output of the blue camera. 

Y signal (luminance signal) modulates the carrier directly. As 
in a monochrome receiver, this will produce an energy spectrum 
ranging from 1*25 mc/s. below the r.f. carrier to 4 - 2 mc/s. above 
it, as shown in fig. 32 (a). 

(b) Colour Signal : Colour signal does not modulate the r.f. 
carrier directly as Y signal does but, instead, they are sent on a 
carrier that fall between the gaps of ‘energy bursts’ of r.f. carrier 
modulated by y-signal fig. 32 ( b ). Therefore, first step is to select 
a sub-carrier frequency. Then two colour difference signals, I and 
Q, (to be explained later on) modulate this sub-carrier. 

(/) Choice of sub-carrier : The sub-carrier frequency is ap- 
proximately 3 58 mc/s. (the 455th multiple 15750/2 = 7875 c/s.) If 
we use an odd multiple (1, 3, 5 etc.) of 7875 c/s. as a sub-carrier, 
then this frequency will fall midway between the harmonics of 
15,750 cycles. If we use even multiples of 7875 c/s. as sub-carrier 
frequency we would end up with 15,750 cycles or more of its harmo- 
nics, and this would place the colour signal at the same points' 
throughout the band as those occupied by monochrome signal (y). 
Therefore to avoid this overlapping between colour and T-signals, 
we use an odd multiple of 7875 c/s. so that sub-carrier frequency- 
which is modulated by two colour difference signals, falls in bet 
ween the bundles of energy produced by the first signal (T). 

(jz) Colour difference signals : We have used above the word 
‘colour difference 'signals’. Let us explain its meaning now. 

- - , - — I — — ^ - - - __ - , * 

flf we look at each light separately, green will appear to be twice as 
bright as the red and from 7 to 10 times as bright as the blue. This is 
because eye is more sensitive to greeo than to red and more sensitive to red 
than to blue. 
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voltages * d f™< 

quantities if we resort to the following modification* Takf «"(V ‘/'j 

TrVrtl IVa be xh 

STpS Sr; r - - s«: 

pass trough 



I ig. 33. Circuit to obtain colour difference signals. 

cerned only with low frequencies. Low frequency com r 
Signal are then applied to an amplifier. At the oufnufn? , ,° f 

fier Y signal will be inverted to give— Y (low freauenev rnm P *' 
nents), -F is then added to each of the three colours G /! E 
B to give G, Y, a R-Y, and B-Y signal. Each or them i, ,-fn, , 
eolour difference signal (At the receiver original R C, and B c anise 

obtained by adding FtoC-F, R-Y and B-Y). Once this is done k 

turns out that instead of requiring the three colour differencesienal* 
only two say R-Y and B-Y, can serve the purpose of 

0-59G+0-30*+<Hlfi. Hence if we s™d Sg o liyky 

to obtain the third G-Y information. C t,USe tWo 

(Hi) Modulation by colour difference signals : These two colour 
difference signals R-Y and B-Y, then modulate the 3-58 mc ' s S uh- 

carrier separately i?-Fand 3*58 mc/s. carrier are applied to one 
modulator circuit; whereas B-Y and 3-58 mc/s carrier to mother 
modulator circuit. The output of each mo'dulato" conS of 
3 58 mc/s. carrier and a senes of side bands. The modulation 
intelligence is contained in the series of side bands that extend 
above and below 3’85 mc/s. The extent by which side band extend 
above and below 3’85 mc/s. depends on the band of frequencies 







contained in R-Y and B-Y modulating voltages. It was discovered 
that the eye is satisfied by the colour image produced if we include 

colour information upto 1-5 mc/s., while the portion of image 

from 1-5 mc/s. to 4;0 mc/s is reduced in black and white. Hence 
side band frequencies of R-Y and B-Y modulating voltages need 
extend only from 0 to 1‘5 mc/s. Since the frequency range of side 



Fig. ?4. Resultant carrier for various amplitudes of B- Y and R-Y. 

bands due to two modulating voltages is the same, means should 
be found to prevent this interference. For this, subcarrier (3*58 
mc/s) for one of the signals is first shifted to 90° before modulation. 
Therefore, side bands of B-Y and R-Y would then be 90° apart 
and when they add vectorially, they produce a resultant that will 
shift towards the stronger signal as illustrated in fig. :A. Thus the 
phase angle of the resultant will be governed by the colouring 
or hue* of the picture where as the amplitude (or length) of the 
vector determine saturation! of the colours. 

It has been investigated that human eye sees a full colour range 
only when the area of object is relatively large. The capability of 
eye to distinguish between different colours decreases as the size of 
the object decreases and consequently, only two colours will do 
well. That is, whereas for large objects eye required three colours 
in medium size areas eye would need only a limited range of colours 
which can be achieved by two colours and their various combina- 
tions. In view of this property of eye, we now revise our previous 
statement that side band frequencies of colour modulating voltages 
j \-Y and B-Y need extend only from 0 to 1'5 mc/s. Because for 
la tge objects or areas, say which are produced by video frequen- 
cie s upto O' 5 mc/s. three primary colours are required and for 
met hum size objects, say, those produced by video frequencies 
from’ 0’5 to lo mc/s. only two primary colours need be employed.. 
Taking the advantage of this situation, we need two colour signals: 
one which has a band pass only upto 0 - 5 mc/s and other which has 

♦Hue represents colour, such as red, green and orange. The term is 
associated with colour wavelength and when we call a certain colour green, 
or orange, or red, we are specifying its hue. 

•(-Saturation tells us how ‘deep’ colour is. If the colour is highly satu- 

xated, we say that it is a deep colour. 
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a band pass from 0 to 1-5 mr/s u „ . 

/colour difference signals as described below “ 2 - 

We hlve'SSy s°a"te°d “St^bv the""// C ° l °“ r differeme ■'*”»'>' • 
other colours cL be obtained T^, . r r P ° S 'L‘° n of the “lours, 

B-Y. We knowTha° ' ,WO “ lour si S" als R -Y and 

y=0-59G + 0'30i?-(-0iJ J 5 
/? ' y=/? -(0 , 59G+0-30/?+0115) 

= O' 70.1? -0’59G — O' 1 IB 

B ‘Y=B-(0’59G+0-30R+0ilB) 

=0-895- 0-59G-0-307?, 

to IT- n» R T*?™l* eC -°™? 0 70 ?’ while t signal is reduced 


so that 


and 


ff-YmOTO* 


POs/r/OA/ 
Of fssi/i .o*v r 
fOf /* £D 


to -0-305. Then the position of 
resultant vector will be as shown in 
fig. 35, Sttnilarly, we can obtain the 
position that the resultant vector 
occupies when only green or blue 
or any other colour formed by 
combining the three primary 
colours, is being sent. Various 
colours are shown in fig. 36, which 
also predicts that how the phase of 
the colour subcarrier depends upon 
the colour to be sent (transmitted) 

As mentioned previously, hue and 

re sidta nTs i g*n a 1™ * ^ ^ angle a " d amp!itudo (length) of the 


~<6-Y) 





Fig. 35. Position of signal vector 

when only red field is 
bein ? scanned. 




Fig 36. Phase of colour sub- 

carrier. 


Fig. 37. Position of / and Q signals 

w 
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The designers of NTSC system found that operation of the 
system is improved if they choose two other signals labelled as I 
and Q (which are situated not far from R-Y and B-Y signals, see 
fig. 37) to modulate 3’ 58 mc/s subcarrier instead of R-Y and B-Y 
signals. Furthermore, O signal possesses frequencies upto 0’5 mc/s, 
whereas the I signal is permitted to have sidebands upto 1*5 mc/s. 

(v) Advantage of using I and Q signals instead of R-Y and B-Y 

Upto Q’5 mc/s both / and O are active (/ possesses frequen- 
cies from 0 to 1*5 me and Q upto 0‘5 me) and as they are 90° 
apart (after modulating subcarrier 3 58 me), they will produce, in 
combination with each other, all colours (shown in fig. 37) exactly 
as R-Y and B-Y acted (fig. 34). But the situation is different for 
sideband frequencies from 0 # 5 me to 15 me., because for this 
range only / signal is left to produce colour on the picture tube 
screen. Refer to fig. 37, we find that the positive value of the / 
signal will produce colour between yellow and red, or actually a 
reddish-orange, and negative values of I will produce colours bet- 
ween blue and cyan, or, in general the bluish-green range. Hence 
/ signal alone is capable of producing colours from reddish-orange 
io bluish green. Since eye is sensitive, for medium sized objects 
i those produced by video signals from O’ 5 me. to 1*5 me.), to 
bluish-green or reddish orange, I signal thus obviously takes the 
advantage of this property of eye. 

33 23. SIMPLIFIED COLOUR CHANNEL OF A TV TRANS- 
MITTER : 

A simplified colour portion of a TV Transmitter is shown in 
figure 38. 
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rig. 38. Simplified colour portion of a TV transmitter. 

There are following operations : 

(0 Monochrome signal, Y , directly modulates the carrier; the 
components extend from 0 to 4 mc/s. 

00 The two colour difference signals / and Q modulate a 
subcarrier whose frequency is set at 3*58 mc/s. 

Q signal has colour frequencies that extend from 0 to 0*5 me. 
This means that when it modulates the subcarrier, upper sideband 
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SSS 

^ I 6 : *U Thl i- means Upper s,de band of/ signal at 5 * 08^0 

alongwith audio signal would need a band spread of more than 

to f keep upper side ba nd within the limits of 6 me 

the / signal colour frequency is limited to 0*6 me so that after 
-odulatton upper ^deband vvouJd ^lend upto 3*58+0-6 or 4 .2 

' The \ ideo side passband then ends sharply at 4*5 me. (fig. 39) 



Fig. 39. Distribution of full colour signal within its 

alloted band. 

(Hi) The process of modulation of subcarrier by I and O 
signals is performed by balanced modulators. Subcarrier to one 
ofjhe balanced modulators is applied after shifting its phase by 
90° which is necessary as explained earlier. Balanced modulator 
suppresses the colour subcarrier and only sidebands are sent 
through. Subcarrier suppression has following advantages and 
disadvantages : 

Advantages : 

(а) It reduces the formation of a 0*92 me. beat note between 
the subcarrier (3*58 me.) and 4 5 me. sound carrier. This beat note, 
if present, appear as a series of interference lines on the face of the’ 
picture tube. 

(б) It leads to an automatic removal of the entire colour 
signal when the televised scene is to be sent wholly as a black-and- 
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while signal. When this occurs, / and Q decrease to zero, and 
since the balanced modulators suppress the carrier, no colour signal 
at all is developed. 

Disadvantages : 

To demodulate, / and Q sidebands at the receiver, it isessential 
to reinsert subcarrier. Consequently, a 3 58 me. generator is essen- 
tial at the receiver stage which would supply subcarrier to /and 
Q demodulators. Note that the subcarrier is shifted to 90® before 
it is applied to the / demodulator. This is done to compensate for 
the original 90° shift of subcarrier when applied to / modulator at 
the transmitter. 

O'v) To reproduce the subcarrier at the receiver with exact 
frequency and phase, information is sent as a ‘colour burst’ along 
with the signal. Burst contains atleast eight cycles of subcarrier 
and is phased in step with the colour subcarrier used at the station. 
This burst is superimposed on the back porch of each horizontal 
synchronising pulse. At the receiver this burst is used to lock in 
the frequency and phase of a 3’ 5 8 me. generator, and thus ensures 
the exact frequency and phase of the subcarrier. 

33*24. COLOUR TV RECEIVER : 

A. simplified diagram of a receiver video and chroma section 
is shown in figure 40. We shall describe few points regarding the 
operation in brief as under : 
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Fig. 40. Simplified diagram of a receiver video and 
— chroma section. 
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„ mn ,y The sound section (IF amplifier, FM detector and audio 
a plifier) is identical to that of a black-and-white receiver except 

morder to reduce possible interference, sound-channel take off is 

nfn£ ed ** the OUt ^ Ut 0f the com P° site IF amplifier and a separate 
diode mixer is used to produce the 4-5 mc/s sound IF. Separate 

• ppor)zontal an d vertical deflection circuits are also quite 

similar in. the two receivers. 4 


(iff) The main d ifference in colour receiver 
white receiver is that the video amplifier section 
include the chroma circuitry. 


and black-and- 
is expanded to 


As shown in figure, niter video amplifier, Y signal (luminance 
signal or composite signal or brightness signal) is separated from 
colour signals I and Q. Let us describe it in two separate points : 

r F ??£ nal . : Y s 'S nal is Passed into the luminance block for 

further amplification and is finally fed to the three cathodes of a 
three-gun cathode ray tube (fig 41). This signal, of itself, will 
produce a complete black-and-white picture. 

( b ) /and Q signals : As shown in fig. 40, the output of first 
video block is also fed to a band pass filter and amplifier. Through 
this stage, only sidebands (ot modulated subcarrier by / and Q 
signals) and subcarrier bursts (sent to keep phase and frequency of 
subcarrier generated at the receiver by 3*58 me. oscillator exactly 
the same as that of the subcarrier at the transmitter) will pass. 
These signals are fed simultaneously to the Q demodulator, /de- 
modulator, and the burst gating amplifier. 


Q and 1 demodulators- produce Q and / video signals. Note 
that subcarrier to /demodulator is shifted in phase by 90° as com- 
pared to that applied to Q demodulator. This is to compensate for 
the original 90° phase shift as the transmitter. The matrix network 
converts these / and Q video signals inputs into R-Y , G-Y and B-Y 
signals which are then fed to the separate grids of three-gun tube 
(fig. 41). The combination of Y signals on the cathodes, and R-Y, 
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Fig. 41. Basic elements of a colour picture tube. 
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G-Y and B-Y signals on the grids produce three electron beams 

mat are dependent on the amplitude of the red, green and blue 
components of the televised scene. 


Burst gating amplifier conducts only during the burst intervals 

and its output is used (through AFC and feed back circuits) to 

maintain correct phase and frequency of 3*58 me. subcarrier 
generator. 


(jv) Picture tube : The screen of a colour picture tube consists 
ot a dot pattern of three types of phosphorous (fig. 42) that emit 
green, blue, and red light, respectively, when excited by the electron 
beam. For each phosphor colour there is a separate electron 
*?am originated and controlled by its respective electron gun. All 
the three electrons oeams are focussed and accelerated together and 
they are deflected by a single magnetic deflection yoke. 


These phosphorescent dots which 
produce coloured light are arranged on 
the screen in an orderly array of small 
triangular groups, each group contain- 
ing a green-emitting dot, a red emitting 
dot and a blue emitting dot. The actual 
number of such dots, fora 21 inch screen 
is about 1,071,000. With such a num- 
ber of dots, there are 357,000 trios. 
Each dot has a diameter of approxi- 
mately 16 mils. If all the three dots in 

a group are bombarded at the same 
time, the combined red, green, and blue- 

light output will present one colour to 
the observer’s eye. 



C-6LU£ 


Fig. 42. Phosphor dot screen. 


EXERCISES 


1. Discuss how the azimuth and range of a target is measured with the help 
of PPL Calculate the maximum range of a radar set. 


2 . 


Describe in full the radar transmitting and receiving systems with refe- 
rence to radar antennas. 


3. Explain the principle of picture transmission. Describe the transmitting 
and receiving components and their functions in a TV set. 



Describe, in detail, the mechanism of colour picture trans 
and sketch the block diagram of a colour TV. 


II 


ission. 


# 

Explain 
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5. Explain what do you understand by blanking and synchronising pulses? 
What arc the functions of these pulses in TV ? What is a front porch ? 
Give briefly a method of arranging a front porch of 1 * 25 \l sec. Draw a 
neat sketch of the composite video signal. 

6. Describe the construction of a TV picture tube. How is magnetic deflec- 
tion obtained in such a tube ? Discuss the various controls provided, 
giving necessary circuit diagrams. 

7. Describe, sketching all relevent details, the composite video sigDal for 
TV transmission. Explain how the level of background brightness is 
maintained at the same level for each segment of the signal. 

8. Describe, by a block diagram, the general working of a TV receiver. 
Explain, showing a special circuit, the operation of the sweep circuit and 
enumerate its special features. 



34 ELEMENTS of masers and lasers 



emtofoiof S m a 5? ! m ' cro * ave amplification by stimulated 

%iSSSd ” « ■=» 

terted^a^optka! 0 " and i^TheS^ 

a °P tlca! maser. As shown in fig. 1, when stimulated 



F «g. 1. Electromagnetic Spectrum. 


snprtfnm °5,? Ur .. s be ow infra red portion of the electromagnetic 
. • • » tbe te f m maser will be employed and when stimulated 

thS^«^, OCCUr l m the infra red > visible and ultra violet portion of 
e spectrum, the term laser or optical maser is used. 
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3 41 . CONCEPT TH AT LED TO THE ORIGIN OF MASERS : 

S«a,es Navy^Jp iT^ysl 

University in New York City. P yS CS at '~' olurnb)a 

Dr. Townes was aware that the practical unner limit nff™. 
was about 3 10** c/s and ,, was hopeless ,„ coL4 a funte rf 

(microwaves) generation and therefore he thought : rrec i uenc y 

‘Well, then, if man made structures would not do why not trv 
some of nature s smallest structures ? Molecules, for instance ?’ * *' 

‘Could a great number of gas molecules be energized and then 
i n response to weak electromagnetic waves of suitable frequency’ 

development of devices that used energy levels within atomic *v S 

terns to produce wavelengths too short to be produced in anv other 
manner. j otf - r 

34 2. BASIC PRINCIPLE OF MASER OPERATION : 

In explaining the principle, we shall use the term coherent 
stimulated emission, population inversion and pumping. Therefore 
it is essential first to write few lines about each of these terms. 

(i) Coherence : The qualification of short wave transmitter 
demands that it should be emitter 


{a) powerful, 

(b) pure and precise, and 

(c) free from noise. 

All these factors require that full radiated power should be 
concentrated in a narrow frequency band as narrow as 1 mc/s 

fhis requirement can be fulfilled only when the radiated beam is 

coherent as explained below : 

Though sun radiations are most intense but they cover a 
wide range of frequencies from deepdown in infra red, through 
light, to far into ultra violet. Therefore, power of radiation with 
a bandwidth of 1 mc/s is found to be quite low. Similarly, radia- 
tions from ordinary fight sources e.g. tungsten filament, neon and 
fluorescent tube lights, cover wide range of frequencies, i.e., their 
output is spread over a wide range of frequencies without supplying 
much power at any particular frequency. In other words, output 
of such light sources is irregular, mixed, composed of bits and 
pieces, differing in their frequencies, directions and durations or in 
short it is incoherent. The incoherent beam is thus noisy and can 
not be intensely concentrated into space whereas coherent beam is 
uniform in frequency, in amplitude and continuous. For long range 
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communication we require intense and noise free radiation, for 
the production of which coherenec is an essential condition because 
only coherent light : 

(a) can be concentrated into a narrow pencil for it can be held 
parallel as it travels. 

( b ) avoids dilution of energy as it travels through space. This 
is because coherent radiation avoids great spreading. 

We have thus come to the conclusion that coherent light beam 
is intense and can be used to shoot at the pin point in space. We 
shall find that process of stimulated emission leads to the genera- 
tion of coherent radiations. 

(si) Stimulated Emission : Between radiation (photon) and 
matter (atoms) there are three possible interactions : 

(a) Spontaneous emission : In this type of interaction, excited 
atoms emit photons that carry corresponding amount of energy 
into the surrounding electromagnetic field. The atoms then drop to 
the lower levels. Refer to fig. 1 (a). 
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( b ) Absorption : Photons of suitable size shower down on un- 
excited atoms. Photons are absorbed by the atoms. The energy of 
photon. is converted into internal energy of the atom. The atom is 
then raised to an excited energy state. At some later instant, the 
excited atom may radiate this energy spontaneously emitting a 

photon and reverting to ground state or some intermediate state. 
Refer to fig. 2 ( b ). 

(c) Stimulated emission : Photon of suitable energy size shower 
down on excited atom and each atom emits a photon of size identi- 
cal to the stimulating (incident) photon. Thus it results in the 
appearance of one additional photon. Refer to fig. 2 (c). 

In spontaneous emission, the atoms emit the photons separa- 
tely and at random and we can not predict which atom among the 
excited atoms will emit next, i.e., one can not be sure of the direc- 
tion or timing of emission. Thus spontaneous emission is incoher- 
ent, whereas stimulated emission takes place only when a photon 
of the same size as that which the excited atom is ready to emit, is 
showered down on the latter. The timing of emission of additional 
photon is thus subject to the incidence of stimulating photon and 
therefore, exact. Both photons (stimulating and stimulated) fly off 
together in identical direction. Thus one can always be sure of the 
direction and timing of emission or in otherwords stimulated 
emission is coherent with stimulating emission. 

(iii) Population inversion and Pumping : Most atoms have 
many possible energy levels. Let for the present discussion, we 
consider that each atom has four possible energy levels and the 
bodv of matter constituted by such atom is in a state of thermal 
equilibrium, i.e., its temperature is steady. We take that the tem- 
perature of the body is quite low and predict the number of atoms 
in each cf the four possible energy levels, called the population at 



Pcpo/af/o/7 of afo/r?s erf sac A energy A 'eve / 

Fig. 3. Population at lo*v temperature. 
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the^owest possible' l™',.'" 8651 p0pula,ion “ » the ground state- 

incident'll pon’lhis tody“ ‘^pelature of C b an H absorb are ” ade <« 
mains steady. At this new fplli f bo , dy . Inreases but re- 
in fig. 4 (a) We note that 1 ?• P°Pul a tion chart is shown 

the photons of suitable p^ r eaSed by showering over the body 
further decreased as shown in fig ■'?&) populatlon dlffcre "“ s ere 
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( ) opulation at different levels in a body at a higher temperature. 
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called population inversion or reversal, then a chain reaction of 

rTl S ^ n w ! . start - Some atoms in H level will start the chain to 

Hrln nf w g ^ a ph ° ton - Each P hot °n will start the chain reac- 
lon ot stimulated emission and thus most of the photons (born as 

a result of simulated emission) emitted are completely coherent 

an v d pr Un ] f0rm Wlth ? ne anot , her ^ is thus obvious that population 
reversal is essential to produce the stimulated emission P 


The method by which such a population inversion is affected is 
called pum ping . In this process atoms are raised to an excited 
state by injecting into the system electromagnetic energy at a 
wavelength different from the stimulating wavelength. The process 
will be described under the separate head of solid state maser 


In short, maser principle can be stated as follows : 

Population of atoms in higher energy level as compared to 
lowest energy level is increased by pumping the matter by photons 
of appropriate size. Thus atoms are excited to higher energy states. 
During the period in which the atom is excited, it can be stimulat- 
ed to emit a photon if it is struck by an outside photon having 
precisely the energy of the photon that would have otherwise been 
emitted in spontaneous emission. Then stimulated photon (emitted 
wave) falls precisely in phase with the stimulating photon (incident 
wave). For stimulated emission to predominate over absorption, 

it is essential that excited atoms should be in excess in the active 
medium. 


34 3 DESIGN OF A MASER : 


The first problem encountered in the design of the maser is 
to prepare active medium in which most of the atoms can be 
placed in an excited state. Then an electromagnetic wave of 
suitable frequency is made to incident upon this active medium 
that results in the stimulated emission of cascade of photons. As 
told previously, excited atoms must outnumber the normal atoms 
for the stimulated emission to predominate over absorption. 

To prepare the active medium, electromagnetic energy is pum- 
ped into the system. After preparing the active medium, it can 
be enclosed into a reflecting box or cavity resonator of appropriate 
dimensions. 

When the medium is stimulated by the electromagnetic wave 
of right frequency, emission starts. The stimulated waves (photons) 
will all have the same frequency. When enclosed in a box, the 
reflections will occur at the two reflecting walls. These reflections 
will amount to additional stimulated emission the so called 
amplification of stimulated emission. The box can be so designed 
as to allow the building up of waves with only one mode of 
oscillation (and hence of single frequency) — the mode of stimula- 
ted radiation. Thus with appropriate dimensions of the box, a 
steady wave is built up in the box. 
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34-4. THE FIRST MASER (Gas Maser) : 

T ~ D C. H. Townes, with James P. Gordon and Herbert 
J. Zeiger, constructed the first maser. This is also called as the 
Ammonia Gas Maser. The scheme is shown in fig. 5. 



Fig. 5. Essentials of a gas beam maser. 

Downes based the use of ammonia on the findings that an 
ammonia molecule, consisting three hydrogen atoms and one 
nitrogen atom, has two energy states (levels) with an energy diffe- 
rence equal to the energy of a photon whose frequency is 24,000 mc/s. 
Further, excited ammonia molecules are repelled by an 

electric field while unexcited molecules are attracted by the electric 
field. J 

Operation : Ammonia molecules are excited in the oven E. 
i hey stream out of the outlet H. This stream of ammonia molecu- 
les is then passed through the separator S which consists of charged 
rods. The electric field due to the charged rods attracts the unex- 
cited molecules while excited molecules are repelled. But since the 
separator is cylindrical in the shape, repulsion from all sides will 
be balanced so that excited molecules continue to move along the 
axis o f separator, thus unexcited molecules are removed from the 
molecular beam and only excited molecules reach the resonant 
cavity C. Then these excited molecules are subjected to stimulated 
emission by a microwave beam (a beam of photon) of frequency 
24,000 mc/s that enters the cavity through the waveguide W. 

Output : Stimulated photons (photons given out; by the excited 
molecules due to the incidence of microwave beam or stimulated 
wave) suffer reflection from the wall of the cavity, colliding with 
molecules and producing additional photons. The cavity is designed 
so as to build up the stimulated photons of frequency 24,000 mc/s, 
to usable strength. The frequency deviate only 3 to 5 k c/s from its 
centre frequency of 20,000 mc/s, i.e. bandwidth is narrow 7 . 
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34-5. SOLID STATE MASER : 

S as > the molecules are not so closely packed as tney are in a 

solid Due to this reason the power output of the gas beam masers, 

described earlier, remain low. There are two types of solid state 
masers as discussed below : 

(a) Inversion Maser : In most atoms, the electrons pair off 

so that the magnetic field from one cancels the magnetic field of 

other and no magnetic field is associated with these atoms. But in 

the atoms in which unpaired electron exists, a resultant magnetic 

field is always associated with such atoms. These materials are 

called paramagnetic substances and unpaired electron can exist 

at a number ol energy levels. Example is phosphorous, chromium. 

Thus each atom ot chromium has unpaired electron and there- 

fote, it behaves like an ion rather than like a complete normal 
atom. 

We consider a ruby crystal as active material. It is a synthe- 
tic crystal in which a small percentage of aluminium atoms is re- 
placed by chromium atoms, —the latter being called as impurity 
or guest atoms. Percentage of chromium atoms is kept low parti- 
cularly because they work better when separated from each other 
by a large number of aluminium atoms The difference between 
the energy levels of the active materials (crystal) can be varied by 
the application of magnetic field of varying strength. This means 
chromium atoms can be tuned magnetically to certain transition 
frequencies— stronger the magnetic field, higher the transition fre- 
quencies. 

Operation : We proceed in the following steps : 

(i) First the ruby crystal is subjected to a magnetic field that 
will fit a suitable energy gap between the lower energy state L and 
higher energy state H of the crystal. More chromium atoms will 
be found in L state. 

(ii) Crystal is then cooled by placing it in liquid helium to 
remove the energy of random atomic motion. Due to this cooling, 
most of chromium atoms fall to lower energy state L and the 

difference in the population of the chromium atoms in the two 
energy states will be sufficient. 

(Hi) The crystal is then subjected to high power microwave 
signal. The frequency of this microwave signal is varied and just as 
the frequency reaches and passes the frequency which matches the 
energy difference between the chromium atoms in L state and those 

in H state, population reversal takes piace i.e., most of the 
chromimum atoms arc raised to high energy state, //. 

(/V) Due to this population inversion, chromium atoms that 
are excited fall to lower energy state L giving off radiations 
(photons). Obviously, stimulated emission start at the input mi- 
crowave signal frequency which matches the energy difference bet- 
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ween chromium atoms in L and H states. Thus emission starts at 

the desired transition frequency to which the energy gap between 

L and H states was adjusted by the application of magnetic field of 
appropriate strength. 

„ . Mult'fcve 1 Maser : George Feher, H. E. D. Scovil and 

M, Seidel of Bell Telephone Laboratories operated a three level 
maser. 

We choose a crystal containing as an active material a group 
of atoms which have three energy level— marked as L, the ground 
state ; M an in between state ; and Ii the highest of three. 

Operation : 

si7e S twSW is C r 00 , led SO that Iargest possible difference in the 
size of population of three levels occurs as shown in fig. 6. 
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made to fall over the crystal. The maser action will start atonce. 
Excited atoms from M level will drop to L level. Thus maser 
action will emit the frequency which corresponds to the transition 
from M to L % This is a smaller energy jump, hence corresponds to 
a lower frequency, than that from L to H state. The pump freque- 
ncy (frequency of the wave used to excite the atoms) which corres- 
ponds to the energy gap between L and H states is obviously 
higher than emission or maser frequency (from M to L state). 

Arrangement : Multilevel masers have many parts as shown 

in fig. 8 C is the crystal; B the resonant cavity ; P the waveguide 

through which pumping energy enters; waveguide pipe, 5, through 

which the stimulating radiation or signal to be amplified (by the 

addition of the photons of the same frequency as that of the signal 

emitted by excited atoms through the process of stimulated emission) 

is applied to the crystal : I is the isolator : O is the out-let : J is 

cold flask containing liquid helium and M is the magnet. Magnetic 

field is applied to adjust the energy gaps between the different 

levels to the desired value — so as to amplify the signal of desired 
frequency. 

34 6. EXTENSION OF MASER PRINCIPLE TO OPTICAL 

RANGE ; LASER : 

In 1958, A.E. Schawlow and C H. Townes proposed a method 

ot constructing a maser for optical wavelengths by using a resonant 

cavity whose dimensions were millions of times the wavelength of 

light. Fig. 9 shows the diagram of their method. Active material 

is shaped into a cylinder with parallel transparent sides as reflec- 
tors at both ends. 


ppsoma/t cdv/ry 



( P£pl £cra?~ 


p/i/?r/AL 



rfi>4/VSPA/?£A/T 



Fig. 9. Townesi proposed model. 

Active material is energized by the pulses of light from flash 
tube. When emission begins, photons that do not travel parallel 
to the main axis of the cylinder will leave the cylinder through the 
transparent sides either immediately or after one or two off angle 
reflections. Thus such photons will not collide with other excited 
atoms of the active material. 

Photons moving parallel to the axis of the tube will suffer 
several reflections between the two end reflectors. During the 
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reflections, in their way, they interact with other excited atoms of 
the active material and thus produce more photons. Due to the 

chain reaction of stimulated emission, intensity of photon beam 
parallel to the axis of tube grows on. If one of the reflectors is 

partially transparent (say 10% transmitting) then some of the co- 
herent light (stimulated photon beam which is parallel to the axis 

of the tube) would emerge through this reflector and serves as out- 
put laser beam. 1 

34*7. RUBY LASER : (Solid State Laser) : 

In 1960 T.H. Mairaan constructed the first laser using a ruby 



Fig. 10. Essentials of a crystal laser pumped by pulses of light from a 

photon discharge tube. 

crystal. It is capable of generating very high power for very short 
intervals of time. Arrangement is shown in figure 10 and explain- 
ed as follows : 

Operation : 

(/) Active material is a small cylinder of pink synthetic ruby, 
about 0*5 cm. in diameter and lew centimeters long. Ruby contain- 
ed 0*05% of chromimum, imparting a pink look to the crystal. 

00 It is pumped by powerful bursts of light from a (lash 
tube. 

070 Chromium atoms are excited and raised to H energy 
state. Population is reversed. From higher energy state they do 
not return to ground state in a single jump but instead they require 
two steps to return to their ground state. First return is from H 
state to metastable state M which is a shorter jump and energy 
emitted in this transmission is passed tc the crystal lattice as heat. 
This energy is thus not radiated in the form of photons. Refer to 

fig. 11. 

0'v) The chromium atoms returned to M level can remain in 
this state for several milliseconds — the so called metastable state. 

(v) The accumulation of coming excited atoms at the M level 
increases the population at M level and then transmission occurs 
from M to L level emitting out the photons. The emission is 
significant. Stimulated emission starts. Photons travelling para- 
llel to the axis of the tube (crystal) will start a cascade of photon 
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emission while the photons travelling in any direction other than 
this will pass out of ruby. The process is explained in fig. 12. 

(vi) Photon beam parallel to the axis of the crystal grows in 
strength and some of it bursts through the partial reflector and 
serves as output laser beam. 

(v/7) The frequency of stimulating wave corresponds to the 

energy difference between G and // states (5600 A°) whereas stimu- 
lated wave (output photon beam) corresponds to the energy diffe- 
rence between M and G states (6943 A 0 ). 

Output : The output beam — a red laser flash have principal 
wavelength of 6943 A 0 , equal to about 4':2 x 10 u c/s It is well 
within the visible spectrum. The duration of output flash is about 
300 microseconds, but it is very intense of about 10,000 watts. 

This high power intensity arises due to the coherence of output 
beam, since all photons travelling parallel to the axis have space, 
time and directional coherence. 

Shifting the laser frequency ; Raman l aser : E J. Woodburg 
discovered that by passing a beam of ruby laser light through a 
vessel containing benzene, additional wavelengths on either side of 
6943 A° wavelength of ruby laser were produced. 

34 8. GAS LASER: 

The main drawback of Ruby laser is that the output beam is 
not continuous though very intense. For laboratory purposes, we 
require continuous laser beam though may be less intense. In 
1961, Ali Javan, W.R. Bennett Jr. and D.R. Herriott reported a 

continuous laser. 

The arrangement is shown in fig. 13. 

fo/? 



Fig. 13. Gas Laser. 

Operation : 

(/) A long narrow quartz tube contains a gas mixture com 

posed of a majority of helium and a minority of ne 
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one end of the tube is a perfect reflector, while at the other end is 
a partial reflector, 

(VO Mixture is pumped by injecting electromagnetic enerey 
into the tube through the metal bands. The pumped wave has^a 
frequency of about 4.10 5 * 7 * * * * * * c/s. 

(in) After excitation, stimulated emission starts as explained 
in art 34*7 and we get output laser beam of about 40 watts. The 
frequency of output beam in gas lasers commercially solid is about 
2/6. 10 H c/s. (in infra red region) or 47. 10 14 c/s. (in visible red 
region) We find that in this laser, in contrast to all lasers or 
masers described earlier used pumped frequency is lower than the 
output beam frequency. 


34 9. APPLICATIONS OF LASER : 


(1) lhey have got wide medical applications. They have been 

used successfully in the treatment of detached retinas. In treatment 

of both human and animal cancers a preliminary success has also 
been obtained. 


(2) lhey have got wide industrial and chemical applications. 
They can blast holes in diamonds and hard steels. They can initi- 
ate or hasten certain chemical reactions which would proceed 
sluggishly or not at all in the absence of suitable photons. 

(3) Due to the narrow ; bandwidth, high intensity and high 
frequency, the laser beams have become a means of communica- 
tion between earth and moon or other satellities. 

(4) Their study is also oriented for the miljitary purposes. It 
is predicted that they would become the legendry ‘death ray’ that 
could annihilate anything, Tiear or far. Thus laser is being deve- 
loped to serve as a war weapon/ ' 


(5) The use of lasers in computers is under solid investiga- 

tion particularly by IB M corporation They are trying to transmit 

an entire memory bank from one computer to another by the use 
of laser beam. 


EXERCISES 

1. Explain the process of stimulated emission. Draw a neat diagram to re- 

present the component of solid state maser. Explain the operation. 

2. What are different uses to which laser beams are put ? Explain the ope- 

ration of a gas laser with the essential components. How stimulated 

emission takes place with the exchange of energy between Helium and 

Neon atoms. 


APPENDIX 

EXPERIMENTS 



Expt. 1. To design a.c. and d.c. V.T.V.M. 

Circuit for design is given in the figure i. 

Procedure : 

(i) For the measurement of D.C. voltage : Connect d c volt 
tage to AA terminals. Then with d.c. voltage off, select a range 
(say 5 V) with the help of switch S t and adjust meter scale (uA 
reading) at zero by varying j> v Now apply full voltage corres- 
ponding to a given range and adjust me'er scale reading (pA scale) 
to full scale with the help of P 2 . Then give IE, 2 V, 3Ectc upto 

5 V (with the help of voltmeter attached with d.c. voltage device) 

and note [>A reading for each applied voltage value. Plot a grapn 
in voltage and (iA reading, 

Similarly for other ranges procedure can be repeated. 

(iii) For the measurement of A.C. voltage : Connect So. -> 
apparatus at A A terminals of fig. land proceed as exp!u : icd'ia 
d.c. voltage measurement. 



Fig. 2. Arrangement to be attached at AA terminals of range 

measurement if A.C. is to be measured. 
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Expt. 2 To design a multivibrator and depict the grid and 

plate waveforms 


R values 

50 K 
75 K 
100 K 


t*5 


OQT 





«; 6/ 


H. T. 4 - 750V 


75K 


/5/C 


005 


esA^Jx i 


001 

| © A 2 


C values 

*05 nf 

*001 pf 

•005 nf 


05 


Mr. 


o£ 


o TO X-, 


7VQ 


% 

& S: 


? ? ? 

« ^ 5 ^ ^ 




Connect 

I’ 4 reading AA x Af & BB X B X 
2 nd reading AA x Af & BB X B 2 
3 rd reading AA x Af & BB X B' 
4 th reading AA 2 A X & BB 2 B X 


9 th reading AA 3 A 3 ' & BB 3 B 3 

("Circuit diagram for design) 
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Fig. 3. 

Procedure : Connect ^output terminals of multivibrator to XY 
piates of CRO. Obtain steady pattern of plate or grid waveform 
on the CRO screen with the help of frequency controls. Sketch the 
pattern on the paper. Repeat it with every reading. 

Then inorder to calculate multivibrator frequency with every 
reading, connect a.f. oscillator to XX terminals of CRO. Vary 
oscillator frequency tc same number of wavelengths as that of 
multivibrator (without disturbing frequency control* of CRO which 
were already set for steady square wave pattern). Note the fre- 
quency of oscillator (that will also be the frequency of multivibra- 
tor). Say it is j\ then 

/= — — — 

J 2NRC ’ 
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v> here N is the factor which for most of the tube varies from 1 to 
4. Calculate ./Vfor every reading. 
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Exp*. 3. To design a wavemeter for certain range of frequen- 
cies (say 1 to 5 mc/s). 

In circuit shown, L., is a 
calibrated variable inductor and 
Cis calibrated variable capaci- 
tor (say 0 — 500 p.f.). Suppose 
minimum value at one end of C 
is C\ (say 25 p.f.) and maximum 
value at other end is C>. Then 

fi (say 1 mc/s)= 
f., (say a mc/s) — 



♦ 


so that 



/ 


) (^cr 1 ) hcnry 


^ ^ 4i 

in which /is in c/s and C is in farads. 

Procedure : (i) Set L 2 on (he above calculated value of induc- 
tance. 


O') Set C at its minimum value, C, and vary oscillator fre- 
quency to obtain maximum indication (resonance) in M. In fact 
this frequency should be J 2 but, due to stray inductance, stray 
capacitance and wire capacitances, it may be other than/., say. it 
is f> ■ Similarly, set C to its maximum value C 2 and vary oscillator 
frequency to obtain maximum indication in pA. This oscillator 
frequency should be f x but it may be different, say //. 

Thus wavemeter would work for frequencies lying between f ' 
and //. J1 


(iii) Now to calibrate the designed wavemeter in frequency 

give input at various oscillator frequencies and obtain maximum 
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indic^ion in M for every frequency. Write down the*; frequencies 
at the dial of variable capacitor. 

Expt. 4. Measurement of L, C, R, and Q of a coil at hish 

frequencies, 




Fig. 6. Measurement of d.c. 

resistance. 


3 

hig.5. Resonance measuring 

arrangement 

Theory and Procedure : 

(0 Fifst of all, d.c. resistance of the coil may be calculated 
her this measurement, circuit is shown in fig. 6. With the help of 
rheostat, obtain various reading of voltage and current. Then 


d.c. resistance 


© 
volts 


ohms. 


amperes 

(//) Variable air capacitor is calibrated. Keep some value of 

capacitance in C. Let this be C r , then vary oscillator frequency to 

get maximum indication in (resonance condition). Note this 

oscillator frequency. Let this be f r . Now vary capacitance on 

euher side of C r value so that deflection in pA is reduced to 70*7% 

°1 its value at resonance (suppose maximum deflection at resonance 

;s then vary capacitance above and belew C r such that deflec- 

/0'7 

ti°n is jqq x20c^) 4-J). Let these values of capacitance be Ci and 

Q. Repeat the whole procedure with various values of C T and 
corresponding values of/ r , C, and C 2 . For each set 



R 


1 C-2 — Ci 


L 


Ar 2 


47 rf r CjC. 


ohms. 


cc; + c 0 +c.) Henry 

where » is velocity of light, C 0 and C„ include extra capacitances 

due to wire to other parts of the circuit. A r is 3lQ8 meters. 

in order to calculate (C 0 + C t ) plot 
a graph between A r 2 and C r . Intercept 
on C T axis will give (C 0 +C„). Draw 
graph between f r and Q values. For- 
mulae used are deduced below * 


an< 3 C 2 are the capacities at 
half power points at which current 
falls to 70' 7% of its maximum value. 
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Fig. 7. 
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Election trao^i* \.e limitations, 663 

Electee \ 712 
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Filters for power supplies, 368 
Folded dipole, 1306 
Frequency conversion, 1519 
Frequency distortion, 436 
Frequency modulation, 1412 
demodulation, 1475 
Frequency stability, 649 
Full adder, 1015 
Grid bias modulation, 1396 
Gas laser, 1617 
Gas tube, 154 

Gates ; NOT, AND, OR. 1000, 996, 

998 

Gate amplifier FET, 820 

Grid leak detection, 1450 

Grid modulation, 1404 

Grounded antennas, 1230 

Grounded emitter circuit, 727 

base circuit, 735 

collector circuit, 742 

Gunn c ect, 2o7 
Half adder, 1014 

Hartley oscillator, 637, 834 

Height, effective, of antenna, 1219 

High frequency compensation, 461 

High pass filter, 85 

High pass RC circuit, 890 

Horn antenna, 1286 

Hum, 1519 

Hybrid parameters, 285 
Ignitron, 165 

Image frequency, 1533 

Impatt, 273 

Impedance matching, 48 

Impedance of antennas, J2°~ 

Impurity sern i-conduc* 

Inductance capacff 
plifier, 463 

Tnput admittaD' 

mped* r 
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Isolation diffusion, 939, 944 

JFfT. 259 
JK flip flop, 103S 
Junction diode, 224 
Junction transistor, 242 
Klystron, 674 
Laser, 1614 

Layers, ionospheric, 1372 

Linear modulation methods, 1390 
Limiter circuit, 1-83 

Logic families, 1025 
— DTL, 1027 
-ECL., 1030 
— R1L, 1025 

— TTL, 1029 

Logarithmic amplifier, 979 
Loftin white D C. amplifier* 608 
Low frequency compensation, 459 

Low pass filler, 84 
/^-derived filter, 93 
7 t- sect ion, 96 
T-sectfon. 

Low pass l <C circuit, 892 
Magnetron oscillator, 689 
cavity, 696 
spiic anode, 692 
Matrwiug network, 1592 
Maser, 609 

Master slave J K p flop, 1040 
Masking, 93 

‘aximum usable frequency, 1351 
* effect, 428 

r»tc grating sweep, 924* 874 

1384 
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Noise in amplifiers, 590 

Norton theorem, 67 

Operational amplifiers, 953 

inverting, 957 

noninverting, 959 

Orthicon, 1572 

Oscillators, 625 

backward wave, 712 

colpitt’s, 639 
dy natron, 642 

crystal controlled, 651 
electron coupled, 650 
Hartley, 637 
klystron, 674 

magnetron, 689 

multivibrator, 654 

R. C. ? 645 

tuned grid, 634 

^2 tuned plate, 631 

u i Wien bridge. 648, 841 

^Oscillators (Transistor) 

Colpitt, 836 

Hartley, 834 

tuned collector, 831 

tuned emitter, 833 

Parabolic reflector, 1280 

Parallel resonant circuit, I5i 

Pentagrid converter, 1529 

Pentode. 117 

Phase distortion, 437 

Phase modulation, 1421 

Phase shift oscillator, 645, 839 

Photoelectric er**' r 

Photoem p f 

Photo^ 

Pho* 
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